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Book Presentation 


Why This Project? 


We are living in a critical moment. Ecosystems are changing more quickly than 
anticipated, and climate change has become the greatest challenge facing humanity. 
Forest ecosystems provide essential resources and services for the development and 
subsistence of societies around the world. The boreal forest covers a worldwide belt 
of 14 million km? and represents approximately 2596 of the world's forest area. 
Two-thirds of this surface is managed for wood production, and this biome supplies 
37% of the world's timber. Boreal forests have a key role in the climate system and 
its modification through processes such as carbon sequestration, nutrient cycling, 
hydrology, and albedo changes. 

Ecosystem-based management has been the main approach for attaining sustain- 
able forest management in the boreal biome; however, these practices have yet to 
be fully adapted to climate change and the associated impacts. A new conceptual 
framework integrating climate change is therefore needed. Adaptation and miti- 
gation strategies are critical for sustaining boreal forests under future conditions. 
Moreover, the results of sustainable management in the boreal forest of the last 
20 years must be evaluated and, if required, alternative practices be introduced. 
This book presents new reflections, strategies, and recommendations for academics, 
students, and forest managers to guide future forest management, identify the chal- 
lenges facing the second-largest terrestrial biome on Earth, and define new research 
avenues required to face these challenges. 
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Miguel M. Girona 


Being born in the second-largest protected area in Europe within the largest 
forested regions in Andalucía, Spain, and growing up in direct contact with nature 
have conditioned my life, my personal values, my worldview, and my career. I am 
from the Parque Natural de las Sierras de Cazorla, Segura y Las Villas (Jaén, Spain). 
I lived in a small house in the forest with my grandparents, my brother, my dogs, 
and my telescope. I owe 99% of who I am, my sensitivity, my animal instinct, my 
madness, and an endless number of traits to those mountains that city dwellers may 
struggle to understand because when you are immersed in an environment such as 
this corner of Andalucía, your relationship with nature becomes your way of under- 
standing the world: a life of breathing the mountain air, walking on stones, feeling 
the wind, bathing in rivers, lying on the grass, looking at the sky, watching the 
Griffon vultures... There is an invisible chain that keeps me tied to that place and 
those cliffs because this place is responsible for my passion for nature, my curiosity 
about ecological research, my sensibility to environmental problems, and my living 
of life as a permanent adventure where dreaming with open eyes and without fear is 
essential! 

For this reason, when I told my family that I was going to study my bachelor's 
degree in environmental sciences, it was not a surprise. During those years, I explored 
my interest in botany and forest birds, by conducting floral inventories in Sierra 
Nevada National Park and undertaking migration bird surveys in Tarifa and Donana. 
My first research experience was in the Department of Wildlife Toxicology at the 
Veterinarian Faculty of the University of Murcia, where I worked four years as an 
intern evaluating the impact of heavy metals and organochlorines on birds of prey 
and Mediterranean cetaceans (Life Project EC). I became fascinated with research 
and wanted to earn a Ph.D. to become a researcher; however, in the summer before I 
finished my bachelor studies, a massive wildfire burned the forest close to my house. 
It was a strong inflection point in my young career, and I experienced a dilemma 
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between choosing intervention or research. Nature is experiencing change that needs 
an immediate answer, one that cannot wait for tomorrow; science, however, requires 
time to study and understand the problems before proposing innovative solutions. 
I solved this personal dilemma by studying a second bachelor's degree in forest 
engineering at the University of Huelva and a master's degree in land-use planning 
and geographical information systems at the University of Sevilla, where I learned 
the complexity of natural disturbances and the challenges of forest management. 

Before finishing my master's studies, I began working at the Government of 
Andalusía as a forest engineer in wildfire management and evaluated projects related 
to biodiversity, national parks, and forest management that sought to obtain environ- 
mental grants from the European Commission. I also guided companies in adapting 
to new environmental policies. However, after four years in government, I began to 
feel that I was not solving many problems, and my life was becoming routine where 
I could not express my originality. I then had another inflection point. As a kid, I had 
a poster of Banff National Park in my room, and I had always wished to visit and 
study the Canadian forest, the largest and wildest of forest ecosystems. I came across 
an offer from a university in Québec to work on a great Ph.D. project, and I decided 
to leave my country, my family, my work, and my house to start a new professional 
adventure in Canada and follow the dreams of my inner kid. 

Many people I have met ask: How does a Spaniard end up working in Canadian 
boreal forest management? My answer is that Europeans have a great deal of experi- 
ence in forest ecosystem degradation because of our long history of forest exploita- 
tion. We harvested the forest to build cities, cook our meals, heat our homes, and 
build warships, the Sevilla Cathedral, Notre Dame de Paris. Thus, we know very well 
the many interests to consider when balancing forest management: forest compa- 
nies, tourism, biodiversity conservation, hunting, fishing, natural and anthropic distur- 
bances, andlocalneeds. I decided to move to Canada, as this country has an opportunity 
to not repeat the same mistakes we made in Europe in regard to our natural resources. 

During my Ph.D., I evaluated the potential of partial cutting as a silvicultural 
tool for achieving sustainable management in the boreal forest. The most exciting 
part of research is to see your results for the first time and feel useful as someone 
searching for solutions to improve the world. Over the course of my doctoral studies, 
everything was an exciting challenge: developing my project, dealing with research 
dogmas, mastering new skills (dendrochronology, statistics), and publishing, never- 
mind integrating myself into a new country, learning French, and being 6000 km 
from my family... All of these factors were crucial for becoming a resilient and 
positive-minded researcher (and also a little bit crazy and funny, of course), able to 
take on numerous tasks with few resources. However, the best aspect of my Ph.D. 
was to discover and work in the Canadian boreal forest, even more wild and larger 
than I had imagined, and begin the journey of better understanding boreal forest 
functioning to establish sustainable management practices. 

When I finished my Ph.D., many people told me that with a Ph.D. in forest ecology 
I would only find work in the fast-food industry! Nonetheless, I applied for a postdoc- 
toral position with the Swedish University of Agricultural Sciences (SLU) as part of 
the restoration ecology group at Umeá. I was to model future management scenarios 
involving silvicultural management, wood production, and moose browsing. At the 
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same time, I combined this Swedish research with a second postdoctoral position in 
Canada to study new paleoecological tools, apply a dendroecological approach to 
the reconstruction of insect outbreaks, and evaluate the impact of insect outbreaks 
on regeneration. Being a postdoc at SLU was an amazing research and human expe- 
rience to discover European boreal forests. As an international postdoc, I matured 
as a scientist and had the opportunity to create my first projects, supervise my first 
students, and establish my first international collaborations (with colleagues from 
Canada, Sweden, Finland, Spain, USA, Brazil, Italy, and France). I realized then that 
being a researcher and professor would be my ideal profession! 

My experience as a postdoc was relatively short because 16 months after my Ph.D. 
defense, I saw an offer for an assistant professorship in forest sciences at UQAT. This 
was my first application for a tenure-track position, and I could barely believe it when 
I received the news that I had been selected for this position! I also realized that it was 
the beginning of many things: securing funding, building my lab, creating my team 

. and six months later, COVID-19 arrived! However, if you work hard and give 
the best of you, sometimes magic does occur, everything becomes easier, and the 
impossible gets done... I got some funding, created my lab with an amazing group 
of passionate interns, Ph.D., and M.Sc. students, and developed new and exciting 
research projects. I also founded a research group in ecology (GREMA) that focuses 
on finding solutions to adapt regional forest management to climate change. 

The ecology of natural and anthropic disturbances is my primary research subject, 
and these events are the major drivers controlling the structure and function of forest 
ecosystems. These drivers also interact. If we are aiming to adapt forest management 
to climate change, it is crucial to understand these disturbances and their impact on 
forests at multiple scales. My conception of science holds that itis a key tool to answer 
fundamental and applied problems. Being a researcher makes me feel useful each 
day because serious problems that have faced humanity have been solved through 
Science by anonymous superheroes working in the shadows to find solutions to 
serious challenges, often without social or economic recognition. For this reason, I 
find contributing to the creation of a new generation of researchers most exciting. 
However, I do not wish to only be a professor or a researcher. I hope to be a reference 
for the new generation of international students, for LGTBQ people, and for early- 
career researchers to tell them that everything is possible when you are curious and 
have an imagination for research, passion as a fuel, and the ability to dream with eyes 
wide open. For me, research is cooperation, teamwork, excellence, quality, solidarity, 
creativity, innovation, originality, and PASSION. It is an art... The new generation 
must know that to face the challenges of our planet, science will need more help. 
We need motivated people. We need talent and innovation to change the world. BE 
THE CHANGE. So I hope to continue sharing this adventure with you and change 
the traditional model of researcher! 
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Sylvie Gauthier 


As a child, I was very interested in the TV program Atomes et Galaxies, a science 
show that aired on Radio-Canada. In particular, the researchers who studied animal 
behavior fascinated me. Then in high school, I was lucky enough to have science 
teachers in chemistry, physics, and ecology who continued to develop my interest 
in the nature of things. I went to Cégep to study pure sciences and then hesitated 
between physics and ecology. I enrolled at UQAM in ecology, discovered the world 
of plants and became aware of the many emerging environmental problems. In my 
last year of undergraduate studies, just before starting the fall semester, I received a 
job offer from an ecological center in the Montérégie region, southwest of Montréal, 
Québec. My main task was to describe the forest vegetation of the area surrounding 
the center. I contacted Daniel Gagnon, a recently hired biology professor at UQAM, 
to ask if I could pursue an honors thesis on the topic. What a pleasure to spend all 
autumn walking in the forest; carrying a map, compass, and notebook; and describing 
the vegetation of these forests! 

Having the opportunity to spend part of my time in the forest and then return to 
the office to analyze the collected data and write a report suited me perfectly. I was 
passionate enough about this that I accepted Daniel's offer to undertake a master's 
degree under his direction to study the forest vegetation of the Laurentian foothills. 
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I had the chance to be a teaching assistant for a plant ecology course at the research 
station. Here, I discussed my interest in evolution with Yves Bergeron, and together 
we designed a Ph.D. project on jack pine population genetics, which I would complete 
at the University of Montréal under the supervision of Jean-Pierre Simon. Y ves was 
my co-director and ever-inspiring mentor. The work aimed to assess whether jack 
pine populations on islands that had experienced less severe fires than those on the 
mainland had adapted to these conditions. The work involved dendrochronology, 
lab work in genetics, and a fair amount of field and lab measurements. Three more 
or less long field seasons near Lake Duparquet, Québec: long days of work on the 
lake or along the Chemin de la Mine, followed by long evenings of stargazing with 
colleagues after sharing dinner in an old-fashioned, multibedroom house in which 
we had set up binoculars and microscopes to measure the collected tree cores. The 
friendships that emerged from that time are irreplaceable. 

At the time of my doctorate, Yves Bergeron, Daniel Coderre, and Daniel Gagnon 
had created the GREF (Groupe de recherche en écologie forestiére), which aimed to 
translate ecological knowledge of forests for forest management purposes. Under the 
impetus of this group, which would later become the Centre d'étude de la forét/Centre 
for Forest Research (CEF/CFR)—the largest forest research group in Canada—I had 
the opportunity, very early in my career, to participate in this new dynamic setting 
where ecologists, biologists, and forest engineers began to work closer together to 
influence the management of this ecosystem. 

During my postdoctoral studies, I participated in the first disturbance dynamics 
meeting, which took place in Sweden, where I spent several days with a small group 
of researchers, including Yves Bergeron, Hubert Morin, Réjean Gagnon, Ed Johnson, 
Pierre Richard, Luc Sirois, and several students and postdocs, including Ola Engel- 
mark, Annika Hoffgaard, David Paré, Louis De Grandpré, Jacques Tardif, and Sherry 
Gutsell. I have since collaborated with several of them. After this postdoctorate 
directed by Francine Tremblay and Sylvie Laliberté, I was fortunate to be recruited 
by the Canadian Forest Service (CFS) within the fire ecology and behavior group. 
I participated in prescribed burn experiments over several years, which taught me 
much about fire behavior. I got to know Mike Flannigan and Mike Wotton with whom 
I still enjoy working. 

I also continued to consolidate my collaboration with Yves Bergeron. We both 
participated in the emergence of the Sustainable Forest Management Network and 
developed links with our Fennoscandian colleagues, including Timo Kuuluvainen, 
whom we met in 1996 during a tour of Sweden and Finland. With Yves, we were 
perhaps among the last researchers to be able to describe with our many students the 
natural forest fire regimes in Québec and eastern Ontario while attempting to trans- 
late this information into ecosystem-based forest management strategies. Under the 
impetus of the network and the collaborative project that I was leading, the idea 
was born that we would then produce a book. This book, Aménagement écosys- 
témique en forét boréale/Ecosystem management in the boreal forest, which involved 
more than 60 authors of various skills, ages, and backgrounds, remains one of the 
accomplishments for which I am most proud. 
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Very often, I was one of the few women working in the team. For a long time, I was 
the only female researcher as part of the CFS community working on forest fires. As 
recently as on the Northern Limit Committee, I was the sole woman on a committee 
of 17. At times, I felt quite alone with few female role models to inspire me and to 
talk to. Fortunately, my male colleagues have always supported and encouraged me 
to take on exciting challenges. And as times are changing, I have more and more 
female colleagues having differing expertises and experiences with whom I work and 
share. A diversity of role models now exists to encourage everyone to be themselves. 

As a theater lover, I have always liked a passage from Bertolt Brecht’s Galileo’s 
Life in which Galileo says that science only makes sense if it improves the condi- 
tion of Man. As a civil servant, I tried to make the knowledge we gained useful in 
forest and fire management, among other things, by often publishing popular-science 
texts or presenting the results to diverse audiences. At the CFS, I slowly became the 
only female senior researcher through my work on ecosystem-based forest manage- 
ment, fire regimes and management, climate change impacts and adaptation, and the 
sustainability of forest practices. I have contributed to the assessment of the potential 
effects of climate change on the Canadian forest and forestry sector. In one of the 
richest periods of my career, I participated in the committee studying the northern 
limit of forest allocation to management and flew by helicopter over the vast expanses 
of water and forest between the 49th and 53rd parallels. In the lab at that time, I worked 
happily with many male and female professionals, colleagues, students, and post- 
docs from multiple backgrounds who inspired me with their passion, dedication, and 
dynamism on various projects related to boreal forest dynamics and management. 
I was invited to write about the future of the circumboreal forest in the prestigious 
journal Science, which allowed me to reflect on the fate of this biome in the face 
of future climate change. It became clear to me that both forest management and 
conservation are parts of the tools we have for maintaining healthy boreal ecosys- 
tems in the future. This is particularly true if the practices we develop are rooted 
in a good understanding of the ecosystem and if management is bound within the 
productive capacity of these ecosystems to face future disturbances. 

I sincerely enjoyed my job, taking advantage of the opportunities it brought me to 
work often in nature, for more or less long periods. I enjoyed living with colleagues, 
often in fairly rugged accommodations, where we had the pleasure of sharing not 
only thoughts on forestry past and present, but also many meals, drinks, and songs. 
What I enjoyed most was participating in team projects, where together we achieved 
more than any of us could have done alone. And that, in the end, is what counts. 

As human relationships allow us to believe that we can change things, I hope 
that the collaboration that led to this book will enable us to make progress in the 
management and conservation of the boreal forest that is so dear to me. 
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Hubert Morin 


Short Biography of a Pseudoecologist 


The first time I heard about ecology was in the early 1970s when I was 16 years old. 
A group of young people, who today would be called hippies, had obtained a “youth 
perspective" project. The government of the time proposed to have unemployed 
youth work during the summer on community-based projects. This particular project 
consisted of developing an “ecological” trail in the beautiful backcountry of the lower 
Laurentians. It was mainly to get young people to work on a trail in the forest. Until 
then, there had not been much ecology to this work. These young people were 
camping on land adjacent to where I lived, and they decided to educate us about 
ecology. Although no one knew exactly what it meant, the term was interpreted at 
the time as something cool that would save the planet, no less. I was about to enter 
college and, like most people, I had no idea what I was going to do. 

Being much of a dreamer and often lost in thought, the field of ecology appealed 
to me, as I was obviously going to save the planet—the more it changes, the more 
it stays the same. So I headed to the Cégep du Vieux Montréal, participating in 
strikes, outdoor activities, and, oh, a bit of studying. Then, as a natural extension, I 
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headed to UQAM’s biology-ecology option, the only program in Québec to offer a 
complete session (five courses) in the field. No research station existed at the time, 
so our courses were given in a hunting and fishing outfitter's lodge. Through strikes 
and protests, I developed my artistic and carpentry talents, and I spent much time 
pursuing outdoor activities, participating in several expeditions to the Great North 
and northern Quebec, Baffin Island, the Torngat Mountains... I was not a model 
student focused on a career goal ... not at all! I was a pretty average student, and it 
wasn't until the last year of my bachelor's degree that I realized I might be able to 
get a scholarship to do a master's degree. Far be it from me to do a Ph.D. If I got 
a scholarship, I would do a master's degree that was very pragmatic and not very 
scientific... 

So, there I was looking for a project. Because I didn't have a mentor who had lit 
a flame earlier during my studies, I had very broad interests ranging from ethology 
to brain development. Far be it from me to do plant ecology. My courses in that 
area had been very ordinary, and my botany course, riddled with strikes, was a 
real disaster. At the time, I would have preferred to work on large mammals...very 
spectacular... However, no one had a grant at the time to take on students. A friend 
told me about a researcher at Université Laval who was interested in northern and 
mountain ecology. Mountains. Now that interested me. I met him and applied for a 
grant to work on caribou feeding in a new park in the Gaspésie region of Québec! 
Alas, the project changed, but I received a new grant to work on the vegetation of 
Mont Jacques-Cartier. 

So. Vegetation belts. Now that's very vegetal... and I was terrible in vegetation! 
Serge Payette, my master's supervisor, was an excellent botanist, a soil scientist by 
training, and an terrific geomorphologist. Because I had many other occupations 
and didn't attend classes very often, I was quite a bad master's student. I quickly 
realized that I had the choice of dropping out or getting serious about improving my 
knowledge of plant ecology to reach the very high standards that were expected of 
me. I may be a dreamer, but I am also very curious and quite hardheaded! It was 
only in the second year of my master's degree (Serge was very patient) that I really 
got involved in research. I met fantastic colleagues in the lab who were more serious 
than I was, and I was being supervised by Serge Payette, an incredible ecologist and 
very inspiring person. I learned to work better, to be innovative, to have a critical 
mind and imagination to develop hypotheses that may initially seem far-fetched, and 
to open my mind to research. It was at this point that I caught the research bug. 

I finished my master’s degree and began my doctorate under the direction of Serge 
Payette, studying questions in northern Quebec that combined dendrochronology, 
geomorphology, and plant dynamics. At that time (the early 1980s), his team was 
already interested in climate change and its impacts on vegetation in sensitive envi- 
ronments at treeline and the migration of tree species during the Holocene. This field, 
however, was a revelation to me. 

The doctorate is a step that calls upon all of one's resources, and the team around 
you and the human side of things are a massive part of this endeavor. These years 
were very formative on both a scientific and human level. I hadn't finished my Ph.D. 
when I got a call from Réjean Gagnon in Chicoutimi, Québec. He had just got a job 
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at the university there, and he was working on the dynamics of the boreal forest. He 
was alone in his field and so offered me a six-month postdoctorate position. Réjean 
was filled with ideas, and as I had to wait for my thesis corrections and my defense 
before taking advantage of a postdoctoral fellowship in Sweden that I had obtained, I 
moved to Chicoutimi for six months... and I never left! Of course, I did go to Sweden 
several times, just not to do a postdoc. 

It was an exciting time. I was in a small team where your expertise was recog- 
nized and where you felt important. Everything had to be built: the lab, the projects, 
the research center, the funding opportunities... I owe much to this wonderful team, 
who, among others, included Réjean Gagnon and Daniel Lord (our trio known as 
the three bearded men), and over the years we established an enviable reputation 
in regard to understanding boreal forest dynamics, particularly for black spruce. 
Because Réjean was doing much work on this species, I decided to work on the 
dynamics of balsam fir stands and the growth of black spruce. I had no idea at 
the time that I was going to open a novel research axis focused on the impacts of 
budworm on the dynamics of boreal forest communities that would be important for 
forestry stakeholders and the region and have a worldwide impact. Boreal spruce 
and fir forests are synonymous with spruce budworm, a more important disturbance 
than fire in the northeastern North America. Understanding the dynamics of recur- 
rent epidemics and their relationship with old-growth forests requires reconstructing 
budworm outbreak history both in the recent past, through dendrochronology, and 
in the more distant past over the Holocene. This historical perspective is essential 
for better appreciating the impact of outbreaks on the landscape, dissecting the fire— 
climate-outbreak relationship, and carrying out sustainable ecosystem management. 
It was therefore necessary to innovate approaches in both dendrochronology and 
insect paleoecology. Thus, we have established major innovative techniques, such 
as the identification of Holocene epidemic periods using macroremains, budworm 
feces, and microremains, such as Lepidoptera scales found in lake sediments. The 
development of these techniques has opened up previously inaccessible research 
niches, such as the relationship between fire frequency, spruce budworm outbreaks, 
vegetation composition, and climate change. These novel techniques have led to 
international collaborations, as scale-covered Lepidoptera are active insects found 
in all ecosystems around the world. 

Our disappointment at not being able to adequately explain the relationships 
between boreal tree growth and environmental variables through dendrochronology 
alone led us to examine the fine-scale relationships between intra-annual ring growth, 
xylogenesis, and environmental variables. To cover the entire boreal forest, we 
installed a north-south transect, stretching from 48? to 54°N, of black spruce sites (22 
years of data) and four other plots in balsam fir stands (25 years of data). A weather 
tower and electronic dendrometers collect data continuously at each plot, and tree- 
ring microsamples are collected weekly during the growing season. With the help 
of national and provincial funding agencies (CFI, NSERC-DRC, NSERC-Industrial 
Chair, FRQNT...), the Consortium de recherche sur la forét boréale commerciale 
(now the Centre de recherche sur la boréalie), and the UQAC Foundation, we have 
been able to maintain these stations and build up one of the most complete growth 
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databases in the world. In addition to the numerous theses that have contributed to and 
relied on this database, these data have allowed us to collaborate with researchers 
around the world, including from Russia, China, France, Spain, Italy, Germany, 
Sweden, Finland, and Norway. 

These achievements could never have existed had I not been able to count on a team 
of students, professionals, and technicians, and, of course, my family, who support me 
and our particular family conditions. I currently hold an NSERC-Industrial Research 
Chair on the growth of black spruce and the influence of spruce budworm on the 
landscape. My atypical background is probably why I try to give all students a 
chance, whether they are super-achievers with scholarships or not. 

Do I define myself as a good ecologist? Maybe. Maybe not. Perhaps more like an 
artist in ecology with original and often surprising ideas. I do think, however, I have 
contributed to the understanding of boreal forest dynamics in the context of climate 
change. 
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Yves Bergeron 


I have often wondered what led me to make ecosystem-based management the 
focus of my scientific career. As I had lived in the city, my connection to the forest 
was not very strong. However, I remember that I loved nature and collected plants 
and butterflies behind the Boulevard shopping center in Montréal. It was much later, 
during my bachelor studies at the Université de Montréal, that I had the chance to 
have courses at the city's botanical garden and got the bug for botany and forestry. 
As a young student in biology, I had the great fortune to take a course entitled Plant 
Ecology and Forest Management. This course was taught by Jean-Pierre Simon, who 
was doing advanced research on the ecophysiology and ecogenetics of plants, and 
André Bouchard, then curator of the Montreal Botanical Garden, who was interested 
in the ecology of forest communities and, above all, in conservation and land manage- 
ment. Both aspects excited me: the scientific curiosity to understand plant ecology 
and the need to apply this knowledge to concrete situations. I had finally found my 
way. From the beginning, I was immersed in this antagonism between fundamental 
research (curiosity-driven research) and applied research, a divide that still separates 
our scientific community. From that moment, I knew that I would navigate between 
both worlds at the risk of being dreamy for some and too down-to-earth for others. 

Under the direction of André Bouchard, I began advanced studies in ecological 
classification. At the time, I was greatly influenced by the ecological studies carried 
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out by the Capital Nature team in the context of the hydroelectric development 
project in James Bay, northern Québec. I started my doctoral thesis, which focused 
on the ecological classification of forests in an area in the Abitibi region, with the 
aim of understanding boreal forest development to possibly guide how to manage 
these forests. The Abitibi region would also become my main research territory for 
the rest of my career. The trigger for ecosystem-based forest management was made 
at that time. While I was inventorying virgin forests in Abitibi, I was confronted 
with the first mechanized salvage cuttings that were taking place following a severe 
spruce budworm epidemic. I could not ignore that forestry was now the dominant 
disturbance; not studying its effects on the ecosystem would no longer be possible. 

My thesis allowed me to make two important observations. First, I had started with 
a rather static idea of what factors explained the presence of a particular forest on a 
site, and I had to accept that I only had part of the solution. Forests are, in fact, very 
dynamic and react strongly to natural disturbances such as fire or insect outbreaks. 
Second, the forests around my thesis study sites were clear-cut. It was explained 
to me that these forests were overgrown and too susceptible to mortality from the 
budworm epidemic occurring at the time. I thus learned two critical lessons: the 
forests were dynamic and the action of humans could, to a certain extent, resemble 
the actions of natural disturbances. 

As a young professor at UQAM, I decided to return to the Abitibi but this time 
accompanied by students. Over the years, we—I say we because this process involved 
dozens of master and doctoral students, several collaborators, and many postdoctoral 
fellows—teconstructed how natural disturbances had established the present-day 
forests and, knowing this, how we could develop closer-to-nature forestry. 

It must be said that at the time the ice rink was almost empty, as foresters had almost 
completely abandoned ecology to emphasize the economic vocation of forests. It 
was also the development of the Université du Québec network that made it possible 
to bring into the discussion the knowledge developed in the regions where forest 
exploitation occurred. The regional industrial, governmental, and citizen actors did 
not see the forest only as a resource but also as a living environment, and they were 
eager for research to be undertaken in their forests. 

My students were the ones who initially developed knowledge on the dynamics 
of natural disturbances and then compared disturbances with the effects of forest 
management. A hundred students later, we had accumulated enough knowledge on 
natural ecosystems to put it to use in forest management. We first demonstrated this at 
the Lac Duparquet teaching and research forest, an 80 km? area managed by UQAT 
and UQAM. We were also able to convince our industrial partners, who needed to 
certify their forest products as sustainable. 

Our main discovery was to highlight that there were certain similarities between 
forest cutting and forest fires. Indeed, large fires in the boreal forest, much like 
logging, leave areas where a good proportion of the trees die. However, our work 
also demonstrated that the expected 70-to- 100-year harvesting rotation was much 
shorter than the preindustrial return period for fires. Logging therefore rejuvenated the 
landscape to the point of eliminating a significant proportion of old-growth forest. As 
many organisms depend on old-growth forests, the consequences of mainly younger 
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forests for biodiversity in the boreal forest are enormous. We had therefore identified 
a major problem; but we did not want to stop there. We wanted to propose viable 
solutions. To do this, we worked with our partners to develop silvicultural approaches, 
such as partial cutting, to maintain the structure of older forests while letting forest 
exploitation to continue. 

We were also interested in the processes operating during disturbances. Fire burns 
the organic layer and makes nutrients accessible. Cutting, on the other hand, espe- 
cially on frozen soils in winter, does not disturb the organic layer very much. In some 
cases, the new forest cannot grow postcutting as it would postfire. Thus, regrowth 
requires a mixing of the organic matter or even a prescribed burning. Nature is 
complex, and one solution does not solve all problems; hence, either partial cutting 
or full cutting with soil mixing must be undertaken at the right place and time. 

Our common determination contributed significantly in convincing forest 
managers that natural disturbance regimes could inspire forest management strate- 
gies. Thus, ecosystem-based management is now part of the forestry regime in 
Québec as well as elsewhere in Canada and the world. I am also proud, as co-chair 
of the Northern Limit Committee, that Québec is also one of the few jurisdictions in 
the world that has set a northern limit to forest management for ecological reasons 
based on scientific knowledge. 

The game is not over, however, as production forestry regularly resurfaces because 
of economic pressures. Climate change and carbon sequestration by the forest are 
becoming important issues that are often used as a reason to return to intensively 
managed, carbon-fixing forests. In this context, itis becoming increasingly important 
to argue that ecosystem-based management remains quite likely the best solution to 
accompany ecosystems toward future trajectories. This book will make a significant 
contribution to that effort. 

Iremain confident about the future. My greatest pride is to have trained and perhaps 
inspired several students, some of whom are currently researchers or forest managers. 
Many contribute to this book and others will use it. This is a good demonstration 
that we have succeeded collectively to put more science into forestry practices to the 
great benefit of the forest and society. 


The Birth of the Idea 


The idea for a multiauthor, multidisciplinary book began one night in the summer 
of 2017 during the final stages of writing my Ph.D. thesis. I had been searching 
for existing literature to place my project within the context of contemporary and 
future climate change. It dawned on me that there lacked a conceptual framework 
for adapting boreal forest management to climate change. This realization was 
surprising, and even somewhat worrisome, because such a framework should be 
a scientific priority given the major climate-related consequences expected for the 
future boreal forest. The next morning, I met Hubert Morin, my Ph.D. supervisor, 
to discuss this concern. I proposed a collective project at the biome scale to include 
this new context and fill this gap in boreal forest science. Together, we discussed the 
main elements required for this large-scale collaboration: 


(1) Needing a new paradigm in boreal forest management The current state of 
ecosystem-based management must be reassessed to determine how best to incor- 
porate climate change as a key driver within boreal ecosystems. This work would 
therefore discuss the lessons learned so far and consider new issues, paradigms, and 
previously neglected challenges to identify future directions. 


(2) Expanding on the success of Ecosystem-Based Management (EBM) in the 
Boreal Forest (2009) 'This book represents a major contribution to boreal forest 
Science, in both theoretical and applied sciences, and has served as a practical guide 
for achieving sustainable forest management in the boreal forest. Moreover, this book 
provides an example of cooperation and scientific collaboration among researchers 
at the leading edge of boreal forest ecology. Nonetheless, this book focused mainly 
on eastern Canada, and many topics were addressed only marginally, e.g., social 
aspects, restoration, and climate change. This new project would fill these missing 
gaps in boreal forest-related research and cover the boreal biome at a global scale. 
The subjects would include 


e Climate change 
e Complex adaptive systems 
e Social aspects 
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Ecophysiology 

Ecological restoration 

Invasive species 
Landscape-scale modeling 
Terrestrial-aquatic interactions 


(3) Gaining insight from end-of-career researchers and pursuing new ideas from 
early-career scientists The authors and collaborators of the 2009 EBM book have 
had long and productive professional careers. In the next few years, most of these 
researchers will retire. It is therefore critical to compile this vast accumulation of 
knowledge and insight. These end-of-career researchers offer new ideas to be pursued 
and provide suggestions on how to face the challenges of managing the boreal forest 
under climate change. The next generation of boreal forest researchers has emerged 
under this wise counsel, and they offer promising avenues of thought and application. 
This book aims to harness this rich pool of experience and novel thinking. 

After my meeting with Hubert, I wrote the outline of this project and the book 
proposal. I sent an e-mail to Sylvie Gauthier, Yves Bergeron, Christian Messier, Louis 
de Grandpré, Jean-Claude Ruel, Timo Kuuluvainen, Joakim Hjältén, Marie-Josée 
Fortin, Anouchka Hof, Rupert Seidl, Nicole Fenton, Elise Filotas, Pierre Drapeau, 
Yan Boulanger, Nelson Thiffault, Tuomas Aakala, and Sergio Rossi to validate this 
idea. My pleasant surprise was that all my colleagues answered this e-mail enthu- 
siastically, justifying the need for such a book, and offered their participation and 
implication as authors and associate editors in this project. Thus, the project was 
born, and research, motivation, work, collaboration, and engagement came together 
to make the book a reality. 

Leading the compilation of this book has been rewarding both as a great scientific 
experience in conceptualizing a new framework and as a personal experience in 
working with colleagues from around the boreal biome and coordinating the ideas 
of 148 authors. 
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The Philosophy and Spirit of This Book 


This book not only offers new directions for boreal forest management but also serves 
as an example of research collaboration and intergenerational knowledge of the boreal 
biome, where our values of diversity, equity, and inclusion were at the forefront when 
creating the team of editors and authors and during the overall process. 


International The need to carry out scientific studies at a more global scale requires 
us to structure this new book to address issues at the biome level because we face 
similar challenges and problems in North America and Eurasia. Thus, 148 authors 
representing 94 research groups and institutions from 20 countries became involved 
in this project. 


Intergenerational In this book, we analyze the past and present but also look to 
the future. We have thus created an intergenerational book (very experienced and 
early-career researchers) incorporating a rich knowledge of accumulated past work 
and novel ideas driving boreal science. This approach also helps young researchers 
to be involved in collaborating as part of a large-scale project. 


Women in forestry We applied a gender perspective and ensured the participation of 
women in the project as editors, authors, and collaborators; women represent 4096— 
5096 of the authors and associate editors, thus making this work one of the first 
gender-equal forestry books. 


Why Read This Book? 


* Innovation We provide a new definition of ecosystem-based management, a 
new framework that integrates additional topics in forest management, such 
as social aspects, ecophysiology, restoration, aquatic systems, and biodiversity. 
Most existing forest ecology books focus primarily on silviculture and natural 
disturbances. 

e Scale We provide a novel biome-scale perspective and synthesis, as most books 
on the boreal forest focus solely on North America or specific northern countries. 
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We include research and contributions from around the boreal biome, covering 
Russia, Scandinavia, and North America. 

e Structure To cover the main topics in sustainable forest management, we structure 
the book as specialized parts having multiple chapters that deal with the subject at 
hand, e.g., parts on natural disturbances, biodiversity, new trends and technologies, 
silviculture, and social issues. 

* High-quality experts The editors and authors of the book are leading researchers 
in their respective fields involving the boreal forest. 

* Approach and utility We combine a fundamental and applied perspective 
throughout the book. We also provide original syntheses and data compilations 
from around the boreal biome. Moreover, this book aims to be a practical guide for 
stakeholders to apply sustainable forest management practices in a changing world 
and provide students with a state-of-the-science portrait of trends, challenges, and 
novel research avenues in boreal forest science. 


Audience 


e Scholars and students (bachelor, master, and doctorate students) in the fields of 
boreal forest ecology, restoration, biodiversity conservation, natural resources, 
and engineering 

e Practitioners and stakeholders involved in the planning and management of forests 
and forest resources, natural disturbances, silviculture, and the use of forest 
products 

* Forest agencies, research institutes, and government ministries able to provide 
public services and decision-support tools for forest management 

* International and interdisciplinary researchers involved in modeling, climate 
change, economics, and social sciences 
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1.1 Introduction 


The boreal forest is a vast biome encompassing approximately one-third (3096) of 
the world's forest area. It harbors about half of the world's remaining natural and 
near-natural forests and provides important ecological, economic, social, and cultural 
services and values that benefit human communities (Burton et al., 2010; Gauthier 
et al., 2015a). Although the diversity of tree species in boreal forests is low rela- 
tive to that of other biomes, the forests’ structural and compositional variability and 
the diversity of ecological interaction networks are high (Burton, 2013; Isaev, 2012, 
2013; Kuuluvainen & Siitonen, 2013). The genetic diversity of tree species is gener- 
ally high with most species being wind pollinated and characterized by large popu- 
lation sizes; this genetic diversity provides a foundation for an adaptive capacity in 
the face of fluctuating environmental conditions and ongoing climate change (Aitken 
et al., 2008). 

Landscape diversity in the boreal biome reflects the influence of site variation, the 
effect of natural disturbances of varying type, severity, and extent, and the resulting 


A.-C. Bélisle - Y. Bergeron - M. M. Girona 
Centre for Forest Research, Université du Québec à Montréal, P.O. Box 8888, Stn. Centre-Ville, 
Montréal, QC H3C 3P8, Canada 


M.-A. Vaillancourt 

Direction de l'expertise sur la Faune Terrestre, l’herpétofaune et l'avifaune, Ministère des Forêts, 
de la Faune et des Parcs, 880, Chemin Sainte-Foy, Québec, QC G1S 4X4, Canada 

e-mail: marie-andree.vaillancourt 9 mffp.gouv.qc.ca 


A. Leduc - Y. Bergeron 

Département des Sciences Biologiques, Université du Québec à Montréal, P.O. Box 8888, Stn. 
Centre-Ville, Montréal, QC H3C 3P8, Canada 

e-mail: leduc.alain 9 uqam.ca 


G. Grosbois - M. M. Girona 

Groupe de Recherche en Écologie de la MRC-Abitibi, Forest Research Institute, Université du 
Québec en Abitibi-Témiscamingue, Amos Campus, 341, rue Principale Nord, Amos, QC JOT 
2L8, Canada 

e-mail: guillaume.grosbois @uqat.ca 


M. M. Girona 
e-mail: miguel.montoro @uqat.ca 


G. Grosbois 
Department of Aquatic Sciences and Assessment, Swedish University of Agricultural Sciences 
(SLU), P.O. Box 7050, SE-75007 Uppsala, Sweden 


H. Morin 

Département des Sciences Fondamentales, Université du Québec 4 Chicoutimi, 555 boul. de 
l'université, Chicoutimi, QC G7H 2B1, Canada 

e-mail: hubert_morin @uqac.ca 


M. M. Girona 
Department of Wildlife, Fish, and Environmental Studies, Swedish University of Agricultural 
Sciences (SLU), SE-901 83 Umea, Sweden 


1 Ecosystem Management in the Era of Global Change 5 


dynamic processes of ecosystem succession (Fig. 1.1; Chap. 3; Kneeshaw et al., 
2018; Shorohova et al., 2011). Fire, insects, wind, beaver, and severe drought events 
are among the most important natural disturbances in the boreal forest (Chap. 24; 
Girardin et al., 2006; Johnson, 1992; Labrecque-Foy et al., 2020; Lavoie et al., 
2021). Because the boreal biome is located at northern latitudes, it is subject to more 
rapid and severe effects from climate change than more southern forests. The boreal 
forest is already affected by changing climate as evidenced by drought as well as 
fires and insect outbreaks being more frequent and severe (e.g., Hanes et al., 2019; 
Navarro et al., 2018b; Safranyik et al., 2010; Seidl et al., 2017; Chap. 9). High- 
latitude regions are associated with cold climates and short growing seasons; thus, 
tree growth and decomposition processes are relatively slow (Chap. 11). This slow 
decay of organic matter results in a large stock of deadwood and carbon in the soil. 
Therefore, the boreal zone can have substantial disturbance-related feedback effects 
on CO; emissions (Chap. 10; Ameray et al., 2021; Bradshaw & Warkentin, 2015; 
Pan et al., 2011). 

Although human population density in the boreal forest is low, two-thirds (2/3) 
of forested boreal regions are under some form of management, mainly for wood 
production. These forests account for 33% of lumber and 25% of paper products 
within the global export market (Burton et al., 2010). In the latter decades of the twen- 
tieth century, increased concerns about the effect of forest management on ecosystem 
functioning, the loss of biodiversity and a change in social and cultural values toward 
forests drove a paradigm shift toward an ecosystem approach (EA) to forest manage- 
ment (Franklin, 1997). Forest ecosystem management (FEM) principles have since 
been adopted in many jurisdictions in the boreal forest (Gauthier et al., 2009; Perera 
et al., 2004; Shvidenko et al., 2017). 

Today, however, we are challenged with implementing FEM approaches in the 
context of global climate change, which affects tree growth and regeneration, causes 
dieback due to drought, and favors more frequent and severe natural disturbances 
(Gauthier et al., 2015a). Forests are also increasingly affected by the cumulative 
impacts of previous management practices, disturbance by other industries, and 
the consequences of other stresses (e.g., pollution). Hence, there is an urgent need 
to revisit and adapt the FEM concept to address these new and often synergetic 
challenges. 

In this introductory chapter, we provide the background and context for under- 
standing the emergence and evolution of forest management paradigms. We define 
the FEM concept and describe the approaches undertaken in its implementation to 
manage/restore boreal forests within different regions. We then set the stage for 
discussing the potential effects of global change and the suggested paradigm shifts 
to FEM. 
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Fig.1.1 The main disturbance dynamics within the boreal forest regions. Understanding natural 
disturbance dynamics and their ecological roles is indispensable for forest ecosystem management. 
Modified from Gauthier et al. (2015b; Reprinted with permission from AAAS) and Shorohova et al. 
(2011; CC BY-SA 4.0 licence) 


Box 1.1 Forest Management Approaches Referred to in This Book 


Sustained yield management (SY) Sustained yield management focuses on 
ensuring a continuous supply of resources (typically timber) that can be 
exploited over the long term. In the boreal forest, it often entails applying even 
-aged management and regulating forest age structure to ensure a constant, 
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even flow of timber. Although sustainable forest management (SFM) aims to 
maintain more ecosystem services than SY, the SY paradigm remains part of 
forest ecosystem management (FEM) in many parts of the managed boreal 
biome (Luckert & Williamson, 2005). 


Forest ecosystem management (FEM) Both SFM and EA approaches have 
been crucial in shifting the dominant paradigm of FEM at the beginning of 
the twenty-first century. Across regions of the boreal forest, FEM has evolved 
differently because of differences in historical and management contexts. 


Natural disturbance-based management (NDBM y/Natural range of variability 
(NRV) The NDBM/NRV approach developed in North America aims to main- 
tain resilient ecosystems by establishing management approaches on a solid 
understanding of natural disturbance regimes (NDBM). The presumption is 
that, despite human management and use, forests will maintain their key 
intrinsic structures, species communities, and ecological processes. In turn, 
this approach supports maintaining a continuous flow of the desired ecolog- 
ical, social, and economic values. The approach is based on the idea that 
current forest ecosystems have evolved under specific disturbance regimes (fire, 
insects, wind, etc.) that have driven forest dynamics, species composition, and 
overall biodiversity at the genetic to landscape scale. 


Attention has been given to regimes prevailing before European colonization 
to identify the reference conditions for implementing NDBM and during anal- 
ogous climates experienced at various periods in the Holocene (Chap. 2; De 
Grandpré et al., 2018; Gauthier et al., 2009; Landres et al., 1999; Montoro 
Girona et al., 2018b; Morin et al., 2009; Navarro et al., 2018a, b; Swetnam 
et al., 1999). These efforts aimed to define a baseline upon which the current 
state of regional forest landscapes can be compared while considering the 
inherent variability induced by these regimes. The framework is based on 
characterizing the NRV of several elements of the disturbance regime, such as 
disturbance type, frequency, size, spatial pattern, severity, and specificity, and 
then using this knowledge as a guide to implementing management strategies 
that will maintain the health of the ecosystem (Keane et al., 2009; Landres et al., 
1999: Montoro Girona 2017). This approach permits comparing managed and 
natural ecosystems and landscapes (Grondin et al., 2018) and helps establish 
management or restoration targets (Fig. 1.2). 

FEM also often involves using a combination of coarse- and fine-filter 
approaches. Coarse-filter strategies are implemented on a large spatial and 
temporal frame of reference, i.e., larger than the stand level, with the under- 
standing that the time/space continuity is essential for some attributes. The 
coarse-filter approach aims to maintain the various forest habitats representa- 
tive of natural forest landscapes and some of their key characteristics. Such 
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an approach seeks to conserve most of the biological diversity. Fine-filter 
strategies are implemented through stand-level management or conservation to 
protect rare species or those having particular and known habitat requirements. 
The hierarchy of coarse- and fine-filter approaches explicitly acknowledges 
that stand-level actions affect the landscape over time, altering characteristics 
such as forest composition and age structure. Finally, to ensure that objec- 
tives set under a FEM system are achieved, monitoring is crucial for assessing 
the implemented management system's success or failure and measuring the 
responses of target organisms to management (Drapeau et al., 2009). The 
results from this monitoring should then feed into future refinements, and new 
scientific knowledge should be incorporated through an adaptive management 
framework. 


Retention forestry This forest management approach is based on retaining 
structures and organisms, such as living and dead trees and small areas of 
intact forest, both for harvesting and the longer term. Retention forestry aims 
to achieve temporal and spatial continuity in forest structure, composition, 
and the processes that promote biodiversity and sustain ecological functions 
at different spatial scales (Gustafsson et al., 2012). Retention is applied at 
various levels, from very low levels (Kuuluvainen et al., 2019) to up to 4096 
of the standing stock (Beese et al., 2019; Montoro Girona et al., 2019; Scott 
et al., 2019). 


Continuous-cover forestry Continuous-cover management involves managing 
a forest without the use of clear-cutting. Harvesting is typically based on a 
single tree or group selection, and a significant portion of canopy trees is 
retained (Felton et al., 2016; Kim et al., 2021; Sharma et al., 2016; Sténs et al., 
2019). This produces forests having an uneven-aged structure. 


Restorative management Restorative management prioritizes ecological 
restoration while simultaneously harvesting for profit. This management 
approach represents the first step toward forest ecosystem management in 
regions where intensive forest management has decreased or has degraded 
biodiversity and ecosystem functions (Vanha-Majamaa et al., 2007). 

Zoning approach (TRIAD) The TRIAD zoning approach, proposed by 
Seymour and Hunter (1992), has forested landscapes divided into three zones, 
each subjected to different management objectives (Burton, 1995; Nitschke & 
Innes, 2005). The reserve portion is devoted to conservation purposes, whereas 
the intensive management portion focuses on timber production and can poten- 
tially compensate for the lower timber yields because of the presence of conser- 
vation areas. Between these two endmembers of the production/conservation 
spectrum lies a multiple-use zone where extensive management is conducted. 
Management in this area does not focus solely on timber production but also 
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includes maintaining some important elements for biodiversity (Montigny & 
MacLean, 2006). The overall objective is to sustain the forest to support the 
needs of society (Seymour & Hunter, 1999). The actual size of the respective 
zones is specific to each landscape (Burton, 1995; Harvey et al., 2009). For 
instance, if maintaining old growth is not possible or too expensive, more area 
can be preserved. 


Intensive forest management (IFM) IFM aims to increase or maximize the 
value, volume, or both of desired forest components, often timber. Attaining 
this goal involves such practices as density regulation, regeneration control, 
silvicultural intervention, and genetic improvement (Bell et al., 2000). Silvi- 
culture applied to reach these goals focuses on practices designed to accelerate 
stand development and improve stand value and yield: site preparation, the 
planting of species matched to site conditions, and vegetation management 
timed to maximize early growth. IFM can include natural regeneration but 
with density regulation. It often requires a series of actions during the rotation 
to achieve growth and yield objectives (Bell et al., 2000). Sweden and Finland 
have implemented this approach successfully for almost all their managed 
forests. Although increasing productivity is the main goal of intensive forest 
management, it can also be done in the context of maintaining or restoring 
diversity. 


Extensive forest management (EFM) EFM is a management approach that 
does not rely on a series of interventions to attain growth and yield objectives. 
Instead, it focuses on protecting the forest from the primary natural distur- 
bances, such as fire and insects, and relies partly on natural regeneration to 
provide the next forest. Silvicultural interventions focus mainly on attaining a 
minimum density with desired species composition and maintaining a given 
age-class distribution (Bell et al., 2000). This form of forest management is 
used in large areas of Canada and Russia. 


Conservation area (adapted from the IUCN glossary) These are areas of various 
sizes (from the stand to the landscape scale) dedicated to protecting, caring, 
managing, and maintaining ecosystems, habitats, wildlife species, and popu- 
lations. The creation of these spaces aims to safeguard natural conditions for 
their long-term preservation by conserving ecosystems and natural habitats and 
maintaining viable populations of species. 
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NATURAL RANGE OF VARIATION 


Conservation 


Range of variation in ecosystem function 
(dynamics, biomass, biogeochemical cycling) 


Range of variation in ecosystem structure 
(species, complexity, composition) 


Fig. 1.2 The natural range of variability (NRV) is a means of framing or implementing sustainable 
forest management (SFM). Management approaches can be schematized in a conceptual hierarchy, 
in terms of species composition and ecosystem structure, in relation to their degree of overlap 
with NRV. Overlap is lowest for intensive plantation-type management but increases with retention 
forestry and ecological restoration; the latter is required in cases where the forest has been degraded 
by long-term intensive management or other uses (e.g., mining). Different management types can 
be combined within the same forest management unit. For instance, the TRIAD zoning approach 
(Messier et al., 2009), in which intensive management can increase the yield per hectare in some 
portions of the landscape, can be applied to decrease timber production pressure on other portions of 
the forest where extensive forest management is applied. Under the TRIAD approach, intensive and 
extensive management zones—along with conservation areas—are all included in the landscape in 
varying proportions, with each contributing to meet the goals of FEM 


1.2 A Brief History of Boreal Forest Management 
Paradigms 


1.2.1 The Early Era of Forest Management 


Despite the extensive geographic spread of the boreal forest across the Northern 
Hemisphere, numerous commonalities exist among the ecological and management 
challenges for boreal countries. The main harvesting methods (clear-cutting) and 
silvicultural practices (single-cohort management, site preparation, planting, stand 
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tending) are similar throughout the circumboreal forest. Common issues related to 
this management approach include landscape fragmentation, the loss of mature and 
old-growth forests, the homogenization of forest structure and tree species compo- 
sition, and forest susceptibility to the impacts of climate change. However, boreal 
countries also differ in their forest exploitation histories and their forest manage- 
ment cultures, policies, and priorities. When evaluating the current situation and 
challenges, it is essential to consider the respective forest management histories (See 
Chap. 31). Here, we briefly describe the historical background and development of 
forest management in Canada, Sweden and Finland, and Russia. 


1.2.0 Canada 


In Canada, boreal landscapes were and remain inhabited by First Nations. Traditional 
Indigenous livelihood relies on forest resources for hunting, trapping, gathering, and 
various provisioning and cultural services (Chap. 20). Traditional land management 
is based on deep ecological knowledge and aims to maintain the capacity ofthe land to 
sustain life (Feit, 2001). For instance, fire was used in some regions of boreal Canada 
until the 1950s to maintain blueberry patches, attract wildlife within strategic areas, 
and prepare the soil for planting (e.g., Berkes & Davidson-Hunt, 2006; Lewis & 
Ferguson, 1988). The transition to commercial forestry has, however, restricted the 
forest management role of First Nations. 

Large-scale commercial harvesting of forests began in the early nineteenth 
century, focusing on conifer species used for construction, firewood, and shipbuilding 
(Drushka, 2003; Gaudreau, 1998). During the nineteenth century, Canadian forestry 
entered its administrative period, responding to the need for a regulatory approach 
to better preserve timber supplies and safeguard the stability of the forest industry. 
By the end of the century, most provincial jurisdictions had adopted forestry poli- 
cies, thereby establishing the first forest management regimes, which now form the 
basis of current policies. The Canadian Forest Service, a federal research agency, 
was established in 1899, and the University of Toronto inaugurated the first forestry 
school in Canada in 1907. Moreover, between 1871 and 1921, 11 treaties were signed 
between the Crown and First Nations to open the land for settlement in the south 
and secure access to natural resources in the north (Crown-Indigenous Relations and 
Northern Affairs Canada, 2020). 

An impending decline in timber capital in Canada first became apparent at the 
onset of the twentieth century; this precipitated a transition to the era of sustained 
yield forest management (see Box 1.1; Bouthillier, 1998; Canadian Forest Service, 
1998; Drushka, 2003). This management approach, also called fully regulated forest, 
involves compartmentally managing for an even forest age-class distribution, which 
theoretically ensures a regular and constant supply of similar wood volume over time. 
In the boreal forest, sustained yield forestry developed under an even-aged manage- 
ment system, using primarily clear-cutting and controlling forest age structure via 
management units. Under this system, forests are scheduled for harvest when volume 
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increase levels off (maximum mean annual increment); this corresponds to a stand 
age of 50 to 150 years, depending on the forest type and location (Duchesne, 1994; 
Stadt et al., 2014). 

This stand-wise even-aged management approach emphasized normalizing the 
boreal forest stand age distribution by the targeted harvesting of overmature stands, 
considered less productive. This approach also aimed for the long-term sustainability 
of timber supply by ensuring that annual harvests did not exceed what the forest 
produced. Thus, sustained yield management aimed to harvest a regular amount of 
timber and ensure the preservation of the forest capital. Nonetheless, in Canada, with 
its vast expanses of unmanaged forest, forestry has been mostly extensive since the 
Second World War. 

Forest management is more intensive in Sweden and Finland and has a longer 
history relative to the Canadian context. Although clear-cutting and planting are 
common in both regions, Canadian forest management places greater reliance on 
natural regeneration and less use of intensive management approaches, such as early 
stand tending, fertilization, and thinning. In many regions of Canada, the forest 
industry continues to rely exclusively on primary forests, which have not been 
previously subjected to organized forest management. 


1.2.3 Sweden and Finland 


In this vast geographic area, and more recently in its northern parts, the Indigenous 
Sami people were among the first forest dwellers and users. Although their popula- 
tion size was relatively small, their mobile reindeer herding culture impacted forests 
(Josefsson et al., 2009). Since the Middle Ages, the regional human population has 
increased, and the boreal forest has been used for diverse purposes. Major influ- 
ences include charcoal production for the large-scale mining industry (especially 
in Sweden), shipbuilding, tar production, and slash-and-burn agriculture (especially 
in Finland). Other extensive and important uses of the forest included domestic- 
use cuttings for firewood and building material as well as cattle herding in forests 
surrounding settlements. 

Multiple impacts due to selective cutting, the careless use of fire, and cattle herding 
in forests prevented forest regeneration, leading to the regional scarcity or even 
depletion of timber by the nineteenth century. This development sparked fears of a 
permanent loss of these forests (Keto-Tokoi & Kuuluvainen, 2014; Óstlund et al., 
1997). At the same time, the timber frontier moved north along rivers in search of 
pristine forests and timber that could be floated to sawmills on the coast (Ostlund & 
Norstedt, 2021). 

The local and regional depletion of forest resources, combined with increased 
demands for wood as the forest industry expanded after the mid-nineteenth century, 
culminated in the need to organize forestry more effectively in terms of regula- 
tions, administration, and the education of forest managers. Sweden established a 
forestry institute in Stockholm in 1828 to train forestry professionals (Puettmann 
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et al., 2009). In Finland, the Evo forestry school began to educate professional 
foresters in 1858. Legislation was also established to halt the careless use of forests. 
In Finland, for example, the 1928 Law on Private Forests by and large outlawed clear- 
cutting, allowing this practice only for special reasons. In the late- 1940s, however, 
the interpretation of the law took a 180? shift; selective logging was outlawed, and 
only clear-cutting coupled with subsequent regeneration was allowed. 

This development was linked to the establishment of the pulp and paper industry 
after the Second World War when smaller and lower quality timber also became 
merchantable. This change, coupled with low-cost fossil fuels and advances in 
harvesting technologies, led to a large-scale transition from selective harvesting to 
clear-cutting and even-aged forest management (Ostlund et al., 1997; Siiskonen, 
2007). At the same time, government-directed public funds into forestry infrastruc- 
ture, such as building road networks and improving forest regeneration techniques 
and silvicultural practices. 

In Finland, the large-scale ditching of forested peatlands was initiated to increase 
forest growth and raw material supply for the forest industry in the future (Keto- 
Tokoi & Kuuluvainen, 2014). The post-Second World War economic and construc- 
tion boom led to the large-scale clear-cutting of natural or near-natural forest in both 
Sweden and Finland. As part of the terms of the peace treaty, Finland had to pay repa- 
rations to the Soviet Union and forest industry products formed part of this compensa- 
tion, further increasing the extensive clear-cutting of natural and near-natural forest, 
especially in northern Finland, in the late 1940s and 1950s. Strict national laws and 
forest policies drove the development of forestry practices. Still, there was strong 
opposition among private forest owners, who had selectively harvested their forests 
for decades. 

In both Sweden and Finland, the most significant change in forest utilization and 
management occurred when the formerly dominant selective cutting practices were 
rejected and even-aged management driven by clear-cut harvesting and regeneration 
by planting or seeding became the dominant method. This management model was 
favorable for the influential and economically important pulp and paper industry and 
hence formed a key part of the national forest policies, where increasing timber yield 
was the primary goal. 


1.2.4 Russia 


Historically, human-forest interactions in boreal Russia were minimal owing to the 
lack of roads and the sparse human population scattered across the vast expanses of 
forest. Northwestern Russia was an exception to this pattern, as forests were closer 
to settlements. Since the fifteenth century, human activities in the boreal forest of 
this region have included slash-and-burn cultivation, the use of wood for buildings 
and heating, and the production of tar, potash, salt, and charcoal for industry. The 
first legislation related to forest harvesting dates from the early eighteenth century 
when large-diameter trees along rivers were required to supply Peter the Great's 
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shipbuilding program (Fedorchuk et al., 2005; Redko, 1981; Sokolov, 2006). The 
first forestry university in Russia was established in 1803 in St. Petersburg. 

Over the last centuries, forest management in Russia has been closely linked to 
the country’s dramatic political and economic changes. Whereas traditional forestry 
in Russia had obvious German roots, the second half of the nineteenth century and 
the beginning of the twentieth century were periods of rapid development of national 
forest science and increased study of natural forest ecosystems, forest management, 
and silviculture (Morozov, 1924; Orlov, 1927, 1928a, b). At the onset of the First 
World War, however, only 5% of Russian forests had been inventoried and had 
developed forest management plans; another 13% had been surveyed for different 
goals (Kozlovsky, 1959). The 1923 Forest Code acknowledged various functions 
of forests (protection, conservation, cultural and commercial uses) and formed the 
basis for further classification of forests into major functional forest management 
categories. 

Around 1930, extensive management began to restore and industrialize the 
economy, normalizing the harvest of the most productive and accessible stands, 
the preferential selection of the most valuable tree size and quality, and the use of 
natural and assisted regeneration (Fedorchuk et al., 2005). Typical forestry involved 
large-scale “concentrated” clear-felling with 50-100 ha harvesting areas and, in 
many cases, substantially larger surfaces (Aksenov et al., 1999; Fedorchuk et al., 
2005; Kozubov & Taskaev, 2000) until the second half of the 1960s, whereas other 
features of extensive forest management remain in application (Sokolov, 2006). 
These concentrated harvesting areas were not conventional clear-cuts, as foresters left 
behind large uncut patches of various sizes and individual trees of unused species or 
individual trees having bad stem quality (Baranov, 1954; Solntsev, 1950). Moreover, 
in the incomplete clear fellings, 61-90% of the stand growing stock was harvested 
(Melekhov, 1966), representing a retention level of up to 4096. This model, however, 
decreased the growing stock or altered stand composition over large areas in the 
managed parts of the boreal zone. These changes, combined with large fires in 
post-harvesting areas, encouraged the logging of new previously uncut regions in 
Russia. 


1.3 New Forest Paradigm After Sustained Yield 
Management 


Intensive even-aged forest management and the sustained yield approach have 
provided a sustained supply of wood fiber for industry, as reflected by the success 
of Sweden and Finland in increasing forest yield. Toward the end of the twentieth 
century, throughout the boreal biome, the cumulative adverse ecological effects of 
even-aged management with clear-cut harvesting began to draw attention (Franklin, 
1989). These negative consequences include the simplification of forest structures, 
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the disappearance of old, large trees, and the decline in the amount of dead- 
wood (Chap. 5). Sustained yield management based on the "fully regulated forest" 
paradigm began to be questioned for its inability to maintain forest values and 
resources other than timber. 

Short harvest rotations with clear-cutting were shown to fundamentally alter 
ecosystem structure compared with conditions produced through natural distur- 
bances; the latter are more variable in terms of frequency, severity, and extent than 
traditional harvesting approaches. Particular concern involved managed forest land- 
scapes becoming fragmented because of the loss of older and more structurally 
heterogeneous forests, which dominate landscapes under longer, or less severe, 
natural disturbance regimes (Cyr et al., 2009; Franklin, 1997; Kuuluvainen, 2009; 
Óstlund et al., 1997). Most managed boreal forest stands suffered declines in dead- 
wood, reduced structural heterogeneity, and, in some cases, tree species diversity 
(Chap. 6; Shorohova et al., 2019; Siitonen, 2001). In many regions, young, struc- 
turally homogeneous stands with early successional species began to dominate 
managed forest landscapes. This change was accompanied by a reduction in the area 
hosting older, structurally complex stands dominated by later successional species 
and large living and dead trees (Cyr et al., 2009; Kuuluvainen & Gauthier, 2018; 
Shvidenko & Nilsson, 1996). 

These concerns were accompanied by a growing scientific knowledge related 
to (1) the relationships between forest structure, stand age, and biodiversity; (2) the 
importance of biological legacies in forest regeneration and succession; (3) the critical 
role of deadwood in forest ecosystem functioning and biodiversity; (4) the importance 
of natural disturbances as key ecological drivers within forest landscapes; and (5) the 
relationship between biodiversity and forest productivity, resistance, and resilience 
(Angelstam, 1998; Bergeron & Fenton, 2012; Bergeron et al., 2017a, b; Burton, 
2013; D'Amato et al., 2017; Franklin, 1997; Gauthier et al., 2009; Gustafsson & 
Perhans, 2010; Lavoie et al., 2019; Montoro Girona et al., 2016). 

Together with increased public and market awareness of the importance of 
sustaining the economic, ecological, and social/cultural values of forests, these 
concerns led to the emergence of a new forest management paradigm. The term 
sustainable forest management (SFM) was coined in the "Forest Principles" arising 
from the United Nations Conference on the Environment and Development (UNCED; 
ie. the Rio Earth Summit) in 1992. In the subsequent years, countries collabo- 
rated to define SFM criteria and indicators (Wilkie et al., 2003). At the Conference 
of the Parties of the Convention on Biological Diversity (CBD) held in Jakarta in 
1995, participants identified the ecosystem approach (EA)—an integrated strategy 
for conserving and sustaining land, water, and biological resources—as the primary 
framework for actions under CBD (Box 1.2). Both approaches have been very 
influential in developing forest ecosystem management in the boreal biome. 

The fundamental difference between FEM and traditional forest management lies 
in the former's focus on managing the forest as an integrated, holistic, ecological 
entity existing at multiple spatial and temporal scales. FEM explicitly incorporates 
planning for what is to be extracted and for the full range of economic, ecological, 
and social/cultural values to be maintained within the landscape. Thus, this approach 
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considers not only forest structure and composition but also ecological processes such 
as biogeochemical cycling, forest regeneration, species migration patterns, carbon 
sequestration, and ecosystem resistance and resilience (Gauthier et al., 2009; Palik 
et al., 2020). Although the definition of the concepts and practical applications vary 
from one jurisdiction to another, common principles, characteristics, and goals are 
shared among most national frameworks (see Box 1.2; Christensen et al., 1996; 
Galindo-Leal & Bunnell, 1995; Gauthier et al., 2009; Grumbine, 1994; Kimmins, 
2004). 


Box 1.2 Origins of the Sustainable Forest Management/Ecosystem 
Approach 

The “Forest Principles" arising from the United Nations Conference on the 
Environment and Development (UNCED, i.e., the Rio Earth Summit) in 1992 
helped define the concept of sustainable forest management (SFM), which was 
subsequently adhered to and developed by many countries. Conceptually, SEM 
aims to balance the ecological, economic, and sociocultural pillars of forest 
management. The goal of SFM is to provide integrated benefits to all, including 
safeguarding local livelihoods, protecting biodiversity and other ecological 
services provided by forests, reducing rural poverty, and mitigating some of 
the effects of climate change. Despite variations in definitions among countries, 
several criteria serve as common targets for SFM. These include: (1) the mainte- 
nance of the extent of forest resources; (2) the conservation of biological diver- 
sity (genetic, species, landscapes); (3) the conservation/enhancement of forest 
health and vitality; (4) the maintenance of forest productivity; (5) the main- 
tenance of the ecological functions of forests, such as water cycling, carbon 
cycling, and interactions with climate; (6) the maintenance of socioeconomic 
benefits from forest resources. 


At the Conference of the Parties of the Convention on Biological Diversity 
(CBD, 1995), the ecosystem approach (EA) was proposed as a framework 
for conserving biodiversity and ensuring the sustainable use of ecosystem 
resources. Its development continued until 2000 with the framing of an inte- 
grated strategy for conserving and sustaining land, water, and biological 
resources (Wilkie et al., 2003). The CBD (2000) defines EA as: 


a strategy for the integrated management of land, water and living resources that 
promotes conservation and sustainable use in an equitable way. [EA is] based on 
the application of appropriate scientific methodologies focused on levels of biolog- 
ical organization, which encompass the essential structure, processes, functions and 
interactions among organisms and their environment. It recognizes that humans, with 
their cultural diversity, are an integral part of many ecosystems. 


Several principles of EA are similar to those proposed in SFM, whereas other 
principles focus more on ecosystem complexity and functioning. Important 
elements are that EA should: (1) consider management effects on adjacent 
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ecosystems; (2) prioritize the maintenance of ecosystem structure and function; 
(3) manage the ecosystem at appropriate temporal and spatial scales relevant 
to long-term management objectives; (4) establish a balance between conser- 
vation and the use of biodiversity; and (5) consider all forms of information 
be it scientific, traditional ecological knowledge (TEK), etc. “...overall, SFM 
and EA express similar goals and ambitions for forest management focussing 
on environmental, social and economic sustainability, and on generating and 
maintaining benefits for both present and future generations." (Wilkie et al., 
2003). In Canada, the Canadian Council of Forest Ministers adopted the SFM 
principles in 1995 (CCFM, 1995). 


1.4 Implementing Sustainable Forest Management Within 
Boreal Regions: Approaches, Successes, and Shortfalls 


Over the past three to four decades, boreal jurisdictions have agreed to the SFM 
principles and have more or less succeeded in implementing FEM within forestry 
policies, regulations, and planning. 


1.4.1 Canada 


In North America, both SFM and FEM emerged out of the ideas of ecological forestry 
of the Harvard Forest developed in the 1940s (D' Amato et al., 2017). These ideas 
were modified further and became known as new forestry or NDBM (Franklin, 1989; 
Gauthier et al., 2009; Hunter, 1993). These concepts have since been implemented 
partly (the late 1990s) by forest managers by fitting these approaches into traditional 
planning schemes of forest management (Box 1.1; Harvey et al., 2003). 

Since the 1990s, the implementation of FEM in the boreal forest of Canada has 
been deeply rooted in an understanding of past disturbance regimes (NDBM) and 
the natural range of variability (NRV; Box 1.1) of these events (Gauthier et al., 
2009; Ontario Ministry of Natural Resources, 2001; Perera et al., 2004). This was 
considered a precautionary coarse-filter approach, as without a proper understanding 
of ecological mechanisms, maintaining natural forest conditions within the NRV 
was perceived as a suitable means of preserving the ecological structure, function, 
and resilience in forested landscapes (Cissel et al., 1999; Hunter, 1993). The NRV 
concept aims to maintain the characteristics of managed stands and landscapes within 
the historical natural range of variability (Cissel et al., 1999; Landres et al., 1999). 
Although the implementation of FEM has differed among Canadian jurisdictions, 
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commonalities have emerged. These similar ideas are notably because of the exis- 
tence of the NSERC (Natural Sciences and Engineering Research Council) Sustain- 
able Forest Management network (SFMn), a large research-industry partnership, 
which existed between 1995 and 2010 (https://sfmn.ualberta.ca/about-us/ consulted 
26 April 2021). 

One of the FEM framework elements aimed to facilitate “the formulation of envi- 
ronmental issues and the development of targets that have to be sustained or achieved 
within the implemented management system" (Gauthier et al., 2009). With the tran- 
sition toward FEM, several attributes and processes manipulated by forest manage- 
ment were identified as vulnerable because of past management approaches. It was 
also recognized that long-term planning over large areas was needed to ensure the 
maintenance or restoration of these attributes (Table 1.1). These identified attributes 
included (1) the proportion of different forest age classes (old-growth versus young 
forest) and their spatial distribution across the landscape; (2) the landscape pattern 
of forest composition at the stand and landscape levels and associated dynamics; (3) 
variable internal stand structure; the retention of biological legacies such as dead- 
wood or the pit and mound aspects of soils; (4) soil fertility and site productivity 
(Gauthier et al., 2009). The fire regime was the main disturbance regime on which 
the FEM was based in Canada (Bergeron et al., 1999, 2002; Ontario Ministry of 
Natural Resources, 2001; Vaillancourt et al., 2009). More recently, low and moderate 
severity disturbances (wind, insect, and low severity fire) have been recognized as 
contributing to NRV and have been slowly incorporated into FEM (Chap. 4; Berg- 
eron et al., 2017a, b; De Grandpré et al., 2018; Lavoie et al., 2021; Stockdale et al., 
2016). For instance, it is now recognized that although both fire and insect outbreaks 
over the Holocene have co-occurred at a regional level, outbreaks were more frequent 
when fire frequency was low (Chap. 2; Navarro et al., 2018b). These disturbances 
also strongly influence forest dynamics, impacting the amount, composition, and 
structure of old forests (Martin et al., 2019, 2020). In short, the characterization 
of the range of variability in past disturbance return intervals, severity, and extent 
over the last few centuries serves to set targets for maintaining or recovering partic- 
ular forest characteristics, e.g., successional stages (old forest), forest composition 
(shade-tolerant species), and forest structure (Table 1.1; Chap.7). 

Several experimental studies examining the effects of partial harvesting and vari- 
able retention have been established in various regions of Canada (Chap. 16; Box 1.1; 
Brais et al., 2004; Fenton et al., 2013; Montoro Girona et al., 2016; Ruel et al., 
2007; Spence et al., 1999), and the knowledge gained from these research projects 
has slowly been implemented into operational practice. Assessment of the impacts 
of these treatments on biodiversity, forest regeneration and dynamics, deadwood 
dynamics, soils, and carbon storage (for up to approximately 15 years post-harvest) 
has provided considerable insight into the ecological structure, functioning, and 
dynamics of these forests. Retention or partial harvesting has been shown as a means 
of meeting FEM objectives (e.g., Bartels et al., 2018; Fenton et al., 2013; Franklin 
et al., 2018; Montoro Girona et al., 2016, 2017, 2018a, 2019; Moussaoui et al., 2020; 
Pinzon et al., 2016; Thorpe & Thomas, 2007; Work et al., 2010). The results are 
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slowly being applied to operational harvesting, forest management planning, and 
government policy (Jetté et al., 2013; Ontario Ministry of Natural Resources, 2001). 

Despite the push for implementing a FEM framework, several elements of this 
paradigm remain unaddressed, and not all elements of the framework have been 
implemented (Table 1.1; Van Damme et al., 2014). In some Canadian jurisdictions, 
targets exist for maintaining a minimal proportion of forest older than a certain 
age, and some constraints have been produced related to the acceptable amount 
of young forest within various land units (Table 1.1; Alberta Sustainable Resource 
Development, 2006; Bergeron et al. 2017a, b; Bouchard et al., 2015; Jetté et al., 
2013). Elsewhere, harvesting rotation cycles are designed to be aligned with the 
mean average fire return interval of the regional forest (DeLong, 2007). 

Some Canadian jurisdictions have developed requirements to regenerate stands 
having the same composition as the original harvested forest. These requirements 
include efforts to regenerate mixedwood stands (Alberta; see Table 1.1). Retention 
harvesting (Box 1.1) is adopted increasingly to maintain stand structural hetero- 
geneity, deadwood amounts, and key habitat features such as old, large trees. Main- 
taining forest productivity is approached through strict requirements for regener- 
ating to sufficient density and monitoring to ensure early stand growth (Québec, 
Alberta; see Table 1.1). In some areas, there are considerations to maintain mixed 
stands, although true mixedwood management is uncommon (Chap. 15). In terms of 
spatial configuration, the shape and size of cutblocks have been modified in many 
instances to emulate the patterns created by natural fires (Ontario Ministry of Natural 
Resources, 2001). The conservation of key species is approached by conserving key 
habitats and maintaining some larger areas lacking human disturbance. Efforts are 
also undertaken to maintain the within-stand structure through partial cutting and 
tree retention (Table 1.1). 

Although some FEM elements based on the NDBM/NRV approach have been 
applied, FEM has yet to be fully implemented. For example, despite both the impor- 
tance of preserving old forests or forests with recognized old-growth attributes and the 
recorded increase in green-tree retention harvesting, forest management continues 
to operate predominantly under a single cohort, even-aged management system with 
low-retention clear-cut harvesting and short rotation cycles. This system tends to 
reduce the proportion of older forest stands while homogenizing the forest structure 
(Bergeron et al., 2006; Bouchard & Garet, 2014; Dhital et al., 2015). Stand-level 
considerations remain largely the focus of planning and management processes, and 
the focus continues to lie mostly on structures to a much greater degree than on 
processes. Moreover, although there is recognition of the importance of monitoring 
the effects of silviculture and management practices to determine whether the objec- 
tives for biodiversity and forest productivity have been achieved, this has only been 
partially fulfilled in operational landscapes (Chap. 14). 

The consideration of First Nations values and rights in forest management is 
developing through various mechanisms in Canada. Co-management initiatives were 
launched through Canada's Model Forest program (1992-2007) (Bullock et al., 
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2017). The program aimed to define and implement sustainable forest management 
at the local and operational scales through a collaborative exercise (Bullock et al., 
2017). The program generated an important research effort in both the natural and 
social sciences (Bonnell, 2012) and led to some lasting partnerships; for example, 
the Prince Albert Model Forest, inaugurated in 1992, is co-managed by a group of 
stakeholders, including First Nations, federal and provincial agencies, research agen- 
cies, and industry (Bouman et al., 1996). Its success is attributed to the implication 
of First Nations at all levels of governance. 

The signing of modern treaties and agreements between First Nations and levels 
of government provides another mechanism. The James Bay and Northern Québec 
Agreement was the first modern treaty in Canada (1975). The treaty led to La Paix 
des Braves Agreement, negotiated between the Grand Council of the Cree (Eeyou 
Istchee) and the Québec Government in 2002. The forestry chapter's spirit enhanced 
the importance of the Cree traditional lifestyle, sustainable development, and the 
consultation process within Eeyou Istchee, the land of the Cree. This treaty initiated 
the monitoring and regulation of timber harvesting at the trapline scale, per local 
land use and management. It also officialized the roles and responsibilities of the 
tallyman, often a family elder, as the trapline manager (Whiteman, 2004). Despite 
some successes, many challenges remain for considering First Nations values and 
rights in forest management. They include the conciliation of values and knowledge 
(Asselin, 2015), the consideration of Indigenous land use in forest planning and 
monitoring (Bélisle & Asselin, 2021; Bélisle et al., 2021; Saint-Arnaud et al., 2009), 
and the adaptation of governance structures for First Nations to be involved at all 
decision-making steps. 


1.4.0 Sweden and Finland 


In Sweden and Finland, the pathways toward FEM have differed from those of 
Canada. These differences between the chosen FEM approaches of both regions 
partly reflect conditions and restrictions determined by differences in forest-use histo- 
ries and ownership structures. In Canada, boreal forests are primarily state-owned, 
and harvesting has, until now, involved mainly primary forests rented to forestry 
companies as long-term concessions; this organization facilitated the development 
of landscape-level coarse-filter management approaches. In Sweden and Finland, on 
the other hand, implementation was mainly fine-grained, reflecting the long history 
of intensive forest use, where pristine forests have largely disappeared, and most 
harvesting occurs within secondary or human-influenced—to varying degrees— 
forest. Moreover, the distribution of forest ownership among numerous private forest 
owners hampers the development of larger-scale approaches. 

The first marked initiative was the introduction of the ASIO-model based on fire 
occurrense (Absent, Seldom, Infrequent, Often; Angelstam, 1998). This approach 
was based on the assumptions of natural fire regime effects on forest structure and 
dynamics (Angelstam, 1998; Kuuluvainen & Grenfell, 2012). Although influential as 
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a pedagogical tool, the model's implementation in the field was only vaguely based 
on reference conditions. One problem was the lack of a proper understanding of 
natural fire ecology (Berglund & Kuuluvainen, 2021). Thus, instead of coarse-filter 
approaches, the focus mainly fell on biodiversity conservation by protecting ecolog- 
ically valuable but relatively small-scale features, such as woodland key habitats 
(Timonen et al., 2010). Although the definition varies somewhat between countries, 
these are typically small—moist, fertile sites hosting high biodiversity and that are 
seldom naturally disturbed. Because they are small and sparsely located across the 
landscape, the ability of species to move between patches can be restricted; thus, 
the capacity of these patches to protect species populations from a metapopulation 
perspective has been questioned (Hanski, 2000). 

Another approach to compensate for the adverse ecological impacts of clear- 
cut timber harvesting involves leaving retention trees during harvesting operations 
(Box 1.1; Gustafsson et al., 2012; Simonsson et al., 2015). However, the applied 
tree retention is typically low; for example, in Sweden-Finland, it is common to 
leave only a small number of trees (5-10 per ha) (Kuuluvainen et al., 2019). As the 
retention level strongly influences species responses, the low retention levels do not 
provide the habitat quality and continuity needed for declining and red-listed forest 
species, notably as many are dependent on old living trees and coarse woody debris. 
The accumulated research evidence suggests that current retention levels are too low 
to provide credible positive effects on biodiversity (Kim et al., 2021; Kuuluvainen 
et al., 2019). 

Together, tree retention practices, protection of woodland key habitats, and conser- 
vation areas have been called the Aierarchical multiscale approach to biodiver- 
sity conservation (Gustafsson & Perhans, 2010). However from the 1990s onward, 
the practices have been mainly fine-filter or precision-conservation approaches, 
which aim to protect valuable small-scale habitats and the associated biodiver- 
sity. In contrast, forest management has focused less on the large-scale ecosystem 
components, forest structures, and processes, i.e., the coarse-filter approach. Thus, 
actions related to biodiversity conservation are generally not part of any integrated 
ecosystem-based management framework but instead are implemented as separate 
measures on top of the intensive, business-as-usual even-aged management system 
(Kuuluvainen et al., 2019). 

Research efforts to develop coarse-filter-inspired management based on natural 
disturbances have been put forward. An example is the DISTDYN project. This 
project involves an experimental setting specifically designed to emulate natural 
disturbance patterns in harvesting (Koivula et al., 2014). The focus is on large- 
scale (150—200 ha) blocks or “landscapes,” each characterized by a different scale 
of harvesting units (from single tree selective cuts to clear-cutting) and retention 
level, derived from recent research on natural disturbance dynamics (Kuuluvainen & 
Aakala, 2011). 

Despite the ongoing implementation of SFM strategies and practices, the managed 
forest landscapes in Sweden and Finland face considerable challenges. Biodiversity 
loss remains a serious concern, and habitat loss and fragmentation continue to drive 
the ecological degradation in boreal forests. In Sweden and Finland, the long history 
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of intensive forest management for timber production has reduced habitat quality 
and connectivity. In Finland, for example, there are currently 816 endangered forest 
species (Hyvárinen et al., 2019), and the extinction debt of forest species because of 
forest management is estimated at around 1,000 species (Hyvärinen et al., 2019). This 
loss of biodiversity is likely to adversely affect the functioning of forest ecosystems 
(i.e., decomposition of organic matter, nutrient cycling, and carbon sequestration) 
and the capacity of forests to provide ecosystem services (Duffy, 2009). The main 
drivers of biodiversity decline are the loss of natural forest habitats, including those 
lost through wildfire (Bergeron & Fenton, 2012; Koivula & Vanha-Majamaa, 2020; 
Nordén et al., 2013). Growing concerns about biodiversity loss in Swedish—Finnish 
forests (Granstróm, 2001; Kouki et al., 2001; Hyvárinen et al. 2019) have heightened 
the importance of maintaining and even restoring biodiversity (Kuuluvainen, 2009). 
Although the last 20 years have been witness to several retention and restoration 
experiments (Halme et al., 2013; Koivula & Vanha-Majamaa, 2020; Vanha-Majamaa 
et al., 2007), the knowledge produced from these studies has yet to be implemented 
at a larger scale (Koivula & Vanha-Majamaa, 2020; Kuuluvainen et al., 2019). 


1.4.3 Russia 


Russia took a different path in implementing SFM because of the significant sociopo- 
litical changes of the past 50 years. The Soviet period of forest management left a 
diverse legacy. On the one hand, the Soviet system produced a well-developed forest 
science and professional education structure. It established sound systems of forest 
inventory and management, forest regeneration, and protection against disturbances. 
Forests also had a relatively high political profile for some periods, such as during 
Stalin’s plan of nature transformation (1948—1953) (Koldanov, 1992), and the Soviet 
system improved our understanding of the role of forests in a changing world. On the 
other hand, the Soviet political and economic system was incapable of generating a 
forest strategy able to address the challenges of a rapidly changing world. Political 
pressure, inappropriate forest statistics, misleading information about the availability 
of forest resources, and ignored regional natural and sociocultural variation in forest 
structure and functions hampered the development of state forest policy. 

The dramatic political, social, and economic changes in Russia after the 1990s 
worsened the situation with the reforms introduced by the Forest Code published in 
2006. Currently, forests in Russia are owned by the state and are leased to private 
forest companies. Forest management is regulated by the Forest Code of 2006— 
although many subsequent corrections have been made—and numerous federal and 
regional laws and regulations. The practice of forest leases does not, however, corre- 
spond to sustainable forest management principles. As a result, the governance and 
protection of forests have deteriorated significantly. Areas in which major silvicul- 
tural treatments have been implemented have decreased two to four times relative 
to areas in the 1990s (FAO, 2012; Petrov, 2013; Shvidenko et al., 2017; Shutov, 
2006). In some jurisdictions, the amount of available timber resources has become 
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depleted. There are currently intense debates on these issues within Russian industry, 
government, and academia. 

Russia is a member of both the Montréal and pan-European processes on criteria 
and indicators for sustainable forest management. Most boreal forests used for wood 
production are certified according to national Forest Stewardship Council (FSC) 
standards (Elbakidze et al., 2011). Although some appropriate decisions have been 
made, none of the top-level decisions during the last three decades have been fulfilled 
completely. 

All Russian forests are divided into protective, commercial (exploitable), and 
reserve forests. Protective forests are divided into four categories, each having 
different management regimes—from the complete prohibition of any harvest to 
varying levels of restriction—and aim to protect natural areas as well as water supply 
and quality through providing protective belts of forest along transport ways or in 
cities, forest parks, urban forests, and other valued forests, e.g., anti-erosion forests, 
forests growing in steppe, forest-tundra, and high mountains. Most of the forest 
estate lies within the commercial category. The forest inventory data estimates this 
area at approximately 40% of the total boreal forest area within the country. Diverse 
categories of protective forests comprise 26% of the total forest area. Reserve forests 
are practically unmanaged territories (around 210 million ha in 2010), as they are 
not planned to be harvested within at least the next 20 years. 

Since 1978, in addition to the particular state-level protected areas, key biotopes 
(forests of 0.1—1,000 ha), which can occur in protective, commercial, and reserve 
forests, remain partly or entirely unmanaged; for example, habitats of rare species 
or old-growth forests are completely unmanaged. Clear-felling is forbidden in all 
types of critical biotopes. The key biotopes and elements preserved in NW Russia are 
similar to woodland critical habitats in NSF and the Baltic (Latvia, Estonia, Lithuania) 
countries (Timonen et al., 2010). The main types of key biotopes include (1) forest 
patches around peatlands, small lakes, and springs; uneven-aged forest patches; (2) 
gaps after windthrows; (3) regionally rare tree species; (4) old trees; (5) trees with 
bird nests and hollows; (6) snags; and (7) high stumps and large downed deadwood 
of different decay classes. Since 2001, biodiversity conservation has been actively 
incorporated into forest management per forest certification criteria (Chap. 21). In 
addition to the mandatory forest management restrictions within key biotopes, some 
nonmandatory protected key biotopes and key elements (retention forest patches and 
individual structures) with possible buffer zones around these protected areas are 
also left unharvested (Shorohova et al., 2019 and citations therein). Evidence related 
to the quantity of key biotopes and elements is scarce. One case study of ten FSC- 
certified forest companies demonstrated that the area of key biotopes inside clear-cut 
areas (data from 2005 to 2014) varied from 1 to 13% with a mean of 6%; therefore, 
most key biotopes are protected outside the areas planned for harvesting (Ilina & 
Rodionov, 2017). 

The practice of leaving retention tree patches and critical elements in harvesting 
areas began with model forests in 2000 (Elbakidze et al., 2010; Romanyuk et al., 
2001) and later became common in NW Russia. Since the 1990s, selective logging 
has become more common. After 2000, the share of selective harvest in NW Russia 
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varied among regions, ranging from 2 to 58% with a mean of 22% (Federal Forestry 
Agency, 2013). 

The growing decline in forest resources in European Russia and southern Siberia 
has brought into question the sustainability of harvests at the regional scale (Shvi- 
denko & Nilsson, 1996). The annual allowable cut (AAC) assessment is based on the 
sustained yield model derived from the German classical school (Antanaitis et al., 
1985; Sukhikh, 2006). The inconsistency of this approach has been demonstrated 
(Sheingauz, 2007), with one of the main critiques being the lack of integration of 
several important issues, such as the impact of natural disturbances, the uneven-aged 
nature of forest stands (Shvidenko & Nilsson, 1996), and regional variation in timber 
demand. There exists a means of accounting for these issues within AAC calculations 
(Sheingauz, 2007); however, this calculation has not been implemented in practice. 

Multiple studies have shown that the officially established AAC (about 650—700 
million m?-year ^! for all of Russia during the last decade) is about twice as high as 
the potential sustainable harvesting level should be, according to the SFM principles 
(Sokolov, 1997; Sukhikh, 2006). Therefore, the official information on the significant 
underutilization of AAC in Russia in recent decades must be cited with caution. 
Significant hidden overharvesting was typical for individual forest enterprises in 
northern European Russia, south-central Siberia, and the Russian Far East between 
1950 and 1990 (Koldanov, 1992; Sheingauz, 2007). 

Increasing wood production and a shift to intensive forest management 
(Karjalainen et al., 2009; Karvinen et al., 2011) have been much discussed over 
the last 30 years. Alternatively, adaptive management for maximizing resilience and 
the sustainability of forests under climate change has been recommended (Chap. 13; 
Chapin et al., 2007; Karpachevsky, 2007; Naumov et al., 2017; Nordberg et al., 
2013). The concept promotes selective felling practices and preserving key biotopes 
and elements in parallel with research and monitoring of the results of their practical 
implementation. Its implementation, however, is affected by discrepancies between 
existing forestry regulations and sustainability (Karpachevsky, 2007; Kulikova et al., 
2017; Sinkevich et al., 2018; Yanitskaya & Shmatkov, 2009). The diverse natural 
and socioeconomic conditions across the country and the variable legacies from 
past forestry activities should be considered in forest management planning (Lukina 
et al., 2015; Naumov et al., 2017; Shvarts, 2003; Shvidenko & Schepaschenko, 2011; 
Sinkevich et al., 2018). 


1.5 Role and Need for a Restoration Framework 


If the forest is heavily used and degraded, sustainable ecosystem management for 
multiple ecosystem values and services is not directly possible (see the definition 
of FEM, Box 1.1). This is the case in some southern boreal regions, especially in 
Fennoscandia, where forest use has been most intensive and long lasting (Berglund & 
Kuuluvainen, 2021; Kuuluvainen, 2009). In these cases, a lengthy restoration period 
may be required before FEM is possible (Fig. 1.2; Halme et al., 2013; Seymour, 
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2005). This long period occurs because forest landscapes show considerable inertia 
to changes in management, and there can be significant time delays in attaining 
favorable management status goals, depending on the level of restoration activities 
and the past use of the forest. 

Finland and Sweden provide examples of a situation where restoration is needed 
before FEM becomes possible (Fig. 1.2; Chap. 18). Boreal forest management has 
been intensive in these regions and based on even-aged forest management and 
clear-cut harvesting. This practice, combined with short cutting rotations relative to 
natural disturbance cycles, has produced landscapes of young, structurally simplified 
forests that fall outside the NRV of the regional natural heterogeneous landscapes, 
which are characterized by old uneven-aged forests, big trees, abundant deadwood, 
and a relatively high structural variability (Kuuluvainen, 2009). Here, restoration 
using natural disturbance-based management is needed before FEM can be applied 
(Berglund & Kuuluvainen, 2021). 

At present, restoration has been carried out in protected areas for habitat manage- 
ment purposes (Similä & Junninen, 2012). The first controlled burning for restoration 
purposes in Finland, and possibly anywhere in Europe, was conducted on a small, 
wooded island surrounded by peatland in Patvinsuo National Park in 1989. Twenty 
years later, the burned site is a hotspot for polypore fungi, hosting many red-listed 
species (Similä & Junninen, 2012). Experiences from such experiments can also be 
used for restoring managed forests (Vanha-Majamaa et al., 2007). 

Although heavily exploited for a long time in its southern parts, the boreal zone 
still encompasses half of the world's unexploited forests (Burton et al., 2010). 
These large areas of relatively unmanaged boreal forest are found in Canada and 
Russia. Over the last 50 years, however, harvest operations have increased signifi- 
cantly in Canada, reaching the highest ratio of cutting globally by the end of the 
1990s (Perrow & Davy, 2002). Consequently, Canadian restoration goals focus 
on protecting natural forests (passive restoration), restoring degraded areas related 
to mining, and applying sustainable forest management practices. Recently, some 
experiments to restore the natural forest structure have used commercial thinning 
operations to convert plantations from even-aged to irregular or uneven-aged stands 
(Schneider et al., 2021). Similarly, Thibeault et al. (submitted) also demonstrate 
that planting conifers to replace fallow lands not only maintains carbon sequestra- 
tion capacity but also contributes to counteracting the decrease in native conifers 
observed since colonization in northern Québec (Marchais et al., 2020). 

In Russia, there have been only a few studies on ecological restoration, with 
research focused on broadleaf forests (Korotkov, 2017), peatlands (Minayeva et al., 
2017), and individual species (Baerselman, 2002). Green desertification, a form of 
degradation, has been observed in the northern bioclimatic zones of boreal Asian 
Russia (Yefremov & Shvidenko, 2004). Ongoing climate change has increased the 
area burned as well as fire frequency and severity (Shvidenko & Schepaschenko, 
2013), which has led to the marked transformation of forest ecotopes. In harsh envi- 
ronmental conditions, e.g., on permafrost, in mountains, and within zonal ecotones, 
such burned areas cannot restore their productive potential and forest cover for 
decades or even centuries without human assistance. Similar regeneration failures 
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have also been reported in Canada (Whitman et al., 2019) and are expected to increase 
in the future (Splawinski et al., 2019). 

We are therefore in urgent need of effective methods for restoring forests impacted 
by intensive management or other human disturbances. Nonetheless, ecological 
restoration is far from a straightforward template-based model, especially consid- 
ering the uncertainties caused by ongoing global change. These changes are likely to 
affect (directly and indirectly) terrestrial ecosystems, but restoration planners rarely 
account for such future impacts. Restoration ecology requires novel approaches 
and more interdisciplinary scientific collaboration to address these new challenges. 
Global change occurs at multiple scales, as do degradation and restoration; thus, it is 
necessary to consider species, processes, and interactions from the microhabitat to 
landscape scale to ensure efficacy and success in future management approaches. In 
the light of global change, the priority lies not only on conserving but also on restoring 
forest ecosystems, taking their resilience to global change into account (Chap. 17). 
Even if restoration represents a major challenge in boreal forests, the research effort 
in this field is limited relative to that in other biomes, e.g., tropical forests. We there- 
fore need to apply ecosystem-based management strategies and implement effective 
practices to restore degraded forest systems if we want to safeguard forest biodiver- 
sity and ecosystem services (Chap. 25; Aronson & Alexander, 2013; Hof & Hjältén, 
2018; Moen et al., 2014). 


1.6 A New Context Challenging the FEM Paradigm 


1.6.1 Climate Change in the Boreal Forest 


Boreal forests are experiencing rapid climate change and increased pressure from 
resource extraction and land use. As the boreal biome is located at higher latitudes, 
it is particularly affected by the changing climate (Bush & Lemmen, 2019; IPCC, 
2014; Price et al., 2013); for example, modified climate patterns are already affecting 
regional disturbance regimes (Hanes et al., 2019; Safranyik et al., 2010; Seidl et al., 
2017). By the end of the twenty-first century, under the business-as-usual IPCC 
climate scenario (RCP8.5), the average temperature of the boreal biome is predicted 
to rise from —4.3 to 4.2 °C, with some regions attaining average increases of 10 °C 
(based on the data of Thrasher et al. (2012) with the CanESM2). In Russia, for 
example, under the RCP8.5 scenario, the average annual temperature is expected 
to increase from 6 to 9 °C by 2100 over much of the country (even higher in some 
regions), and uncertain, yet likely small, increases of the precipitation are predicted in 
continental Russia. Similarly, only a slight increase in total precipitation is projected 
during this period in other extensive areas of the boreal zones. 

These changes are likely to be accompanied by changing disturbance regimes 
having a diversity of potential outcomes. In most regions where fire is an important 
disturbance agent, the number of fires and the annual area burned are expected to 
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increase (Boulanger et al., 2014; IPCC, 2014). In Russia, for instance, recent evidence 
points to a new fire regime of greater area burned and an increased fire frequency 
and severity (Bartalev & Stytsenko, 2021; Bartalev et al., 2015, 2020), which has led 
to the destruction of forest resources of dozens of forest enterprises. Disturbances 
such as fire are already limiting commercial forestry in many boreal forest areas 
(Gauthier et al., 2015b), and forestry activities are expected to be even more limited 
as climate change-related disturbances increase (Boucher et al., 2018; Hof et al., 
2021). Moreover, direct impacts of heat waves (e.g., central Russia in 2010, western 
Siberia in 2012, northern central Siberia in 2013) may substantially decrease forest 
productivity in Russian boreal forests because of higher temperatures and greater 
water stress (Bastos et al., 2014). Drought frequency is expected to rise, and the 
overall regional climate is projected to become dryer, resulting in potential effects 
on forest productivity (Girardin et al., 2016; Shvidenko et al., 2017; Tchebakova 
et al., 2009). 

Although future climate change may be more conducive to insect outbreaks (e.g., 
Navarro et al., 2018b; Régniére et al., 2012; Safranyik et al., 2010)—allowing the 
insects to migrate north or east of their current range—it may also favor a lack 
of synchroneity with their hosts’ phenologies (Pureswaran et al., 2015), thereby 
reducing their potential effect. However, recent work suggests that insects can evolve 
rapidly to synchronize with hosts (Bellemin-Noël et al., 2021; Pureswaran et al., 
2019). Thus, invasive insects could produce outbreaks in regions where a cold climate 
previously prevented their colonization (Kharuk et al., 2019; Safranyik et al., 2010). 

Moreover, although current human population densities in most boreal regions 
remain relatively low, land use and excessive natural resource exploitation add further 
stresses to the boreal biome (Gauthier et al., 20152). Development-related air pollu- 
tion represents another potential stressor (Bytnerowicz et al., 2007). Landscape frag- 
mentation is increased through the cumulative effects of land-use activities, including 
forest harvesting, urbanization, transportation infrastructure, energy and mineral 
development (e.g., Chap. 19; Schneider et al., 2003). Market forces and global events 
also reduce or heighten the pressure on forest resources—the 2008 economic reces- 
sion provided an example when global economic forces lowered harvesting levels 
in Canada. Such socioeconomic hazards and random elements may compound the 
climate change-related impacts by reducing the forest's adaptive capacity (Millar 
et al., 2007). These events also render the entire socioecological forest system even 
more unpredictable (Nocentini et al., 2017). All these effects have consequences on 
our ability to manage forests sustainably in the future. 


1.6.2 Challenging the FEM Paradigm 


As the extent of potential impacts of climate change on forests became increasingly 
evident by the early 2000s, the scientific community began to present some criticisms 
of FEM and propose alternative management approaches (Messier et al., 2019; Millar 
et al., 2007). A prominent critique of FEM relates to the relevance of using the 
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past NRV as a management reference. The main questions centered on whether 
establishing baseline conditions from past conditions could create ecosystems ill 
adapted to rapidly evolving, non-analog future conditions (Millar et al., 2007). 

Millar et al. (2007) identified three types of adaptive strategies to help forest 
ecosystems face future climate conditions: resistance, resilience, and transition. First, 
heightening forest resistance requires management strategies and practices that focus 
on maintaining or restoring forest conditions that are of high value to society. Such 
an example would be maintaining specific forest conditions to help preserve an 
endangered species or a high-value plantation. Second, bolstering forest resilience 
demands actions that ensure forests preserve their ability to return to the desired 
state. The return to the closed forest state after disturbance in areas where successive 
disturbances can cause regeneration failure is one crucial resilience aspect to focus 
on (Blatzer et al. 2021; Kuuluvainen & Gauthier, 2018; Splawinski et al., 2019). The 
third strategy involves helping ecosystems adapt to projected future conditions. One 
common example of such a strategy is related to assisted migration, where seedlings 
from populations adapted to future climatic conditions for the region are used in 
plantations or as seed sources (Chap. 30; Pedlar et al., 2012; Ste-Marie et al., 2011). 
Several frameworks, tools, and field guides have since been developed to help forest 
managers analyze the vulnerability of particular forest ecosystems to future change, 
and to prepare management plans and silviculture practices to address upcoming 
changes (Chap. 12; Edwards et al., 2015; Gauthier et al., 2014; Handler et al., 2020; 
Nagel et al., 2017; Swanston et al., 2016). 

Aquatic environments are another neglected aspect of FEM. These water bodies 
contribute to the high complexity of boreal forests and are essential to forest func- 
tioning (Chap. 29). Aquatic environments provide essential resources for terrestrial 
species, such as irreplaceable habitats for the larval stages of multiple species and 
the export of essential fatty acids and nutrients toward terrestrial fauna and flora 
(Fritz et al., 2019; Martin-Creuzburg et al., 2017). Water-covered lands represent 
about 30% of the world’s boreal forest area, ranking the boreal biome as one of the 
world’s major sources of freshwater (Benoy et al., 2007). Terrestrial and aquatic envi- 
ronments are in constant interaction in the boreal landscape. Whereas most organic 
matter and energy fluxes are sourced from the forest and then transported to aquatic 
habitats by precipitation, freshet, and wind (Solomon et al., 2015; Tanentzap et al., 
2017), freshwater to land fluxes are greater in terms of energy and nutritional quality 
(Gladyshev et al., 2019). Terrestrial organic matter traveling from land to aquatic 
environments is processed by aquatic food webs (Grosbois et al., 2020; McMeans 
et al., 2015) and returned to terrestrial environments via respiration (Lapierre et al., 
2013) or animal movements, e.g., the emergence of aquatic insects, as boomerang 
fluxes (Scharnweber et al., 2014). Aquatic environments are therefore an integral part 
of boreal forest functioning at the landscape scale and contribute to the complexity 
of the boreal forest; thus, they are components that must be considered within any 
future FEM framework. 

The recognition of forest ecosystems as complex adaptive systems has also 
become part of the conceptual sphere of forest management. This shift in thinking 


34 S. Gauthier et al. 


arose from the understanding that many feedback loops characterize forest ecosys- 
tems, each strongly influenced by their initial conditions, for which the outcomes 
have a relatively low level of predictability (Nocentini et al., 2017). This approach 
acknowledges the diversity of stand responses; therefore, silviculture implemented 
under this concept should not aim to homogenize forest stands but rather adapt to 
the stands themselves (Nocentini et al., 2017). 

These approaches question the command-and-control idea used in traditional 
forestry, a practice that has simplified forest structure to render the system more 
fragile and vulnerable in the face of stressors such as pollution, climate change, 
and fragmentation (Messier et al., 2019; Millar et al., 2007; Nocentini et al., 2017). 
Moreover, the complex adaptive system framework stresses that the future is highly 
uncertain, and the entire system outcomes have low predictability (Chap. 28; Messier 
et al., 2019; Millar et al., 2007; Nocentini et al., 2017). Thus, a portfolio approach is 
required (Gauthier et al., 2014; Millar et al., 2007), i.e., the use of a diversity of solu- 
tions to address one particular challenge. An example of this approach would be using 
a mixture of provenances when replanting a post-disturbance area to ensure some 
trees will be successful under future conditions. This approach contrasts markedly 
with more deterministic and optimization strategies, which work best under a set 
of known conditions. Permanent outcome monitoring is considered a vital tool for 
selecting, controlling, and correcting forest management decisions. At first glance, 
these novel approaches proposed to adapt forests to future climate change may seem 
quite different in their respective philosophies from the original FEM concepts. 
Nonetheless, many of the principles of the FEM approaches remain essential and 
can be complemented by these novel approaches (Messier et al., 2019). Manage- 
ment based on the past natural range of variability will remain adequate in certain 
regions or for selected periods. For instance, in the boreal forest in northwestern 
Québec, projected burn rates remain within the natural range of variability of the 
past 8,000 years (Fig. 1.3). They thus can serve as a basis for management into 
the century. However, new situations could emerge that profoundly change natural 
ecosystems, notably in regions dominated by fire-adapted species (Baltzer et al., 
2021). 

This book examines the concepts of FEM in the context of global change. The 
chapters in this book also identify potential conceptual improvements and adjust- 
ments required to address the challenge of future global change and associated uncer- 
tainties. Therefore, this book aims to revise the principles of FEM to ensure managed 
forests remain resilient in the face of future changes. To achieve this goal, we build 
a new framework in collaboration with forest researchers studying all regions of 
the boreal biome and highlight new issues, challenges, and trends in forest manage- 
ment in a changing world. We also provide novel paradigms for the future of boreal 
forest management, including the need to consider social concerns (Chaps. 21 and 
22), the interactions between forest and aquatic ecosystems (Chap. 29), the role of 
ecological restoration (Chaps. 17 and 18), the potential of new tools facing climate 
change (Chaps. 26 and 27), the complexity of forest ecosystems (Chap. 28), and the 
challenges and trends facing the future (Chap. 31). 
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Abstract Long-term disturbance histories, reconstructed using diverse paleoecolog- 
ical tools, provide high-quality information about pre-observational periods. These 
data offer a portrait of past environmental variability for understanding the long- 
term patterns in climate and disturbance regimes and the forest ecosystem response 
to these changes. Paleoenvironmental records also provide a longer-term context 
against which current anthropogenic-related environmental changes can be evalu- 
ated. Records of the long-term interactions between disturbances, vegetation, and 
climate help guide forest management practices that aim to mirror "natural" distur- 
bance regimes. In this chapter, we outline how paleoecologists obtain these long-term 
data sets and extract paleoenvironmental information from a range of sources. We 
demonstrate how the reconstruction of key disturbances in the boreal forest, such as 
fire and insect outbreaks, provides critical long-term views of disturbance-climate- 
vegetation interactions. Recent developments of novel proxies are highlighted to 
illustrate advances in reconstructing millennial-scale disturbance-related dynamics 
and how this new information benefits the sustainable management of boreal forests 
in a rapidly changing climate. 
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2.1 Introduction 


Understanding the complex interactions between abiotic and biotic factors and the 
impact of these factors on the structure of forest communities across space and time 
is crucial for emulating natural disturbance regimes in sustainable forest manage- 
ment strategies. Disentangling past relationships between biotic and abiotic factors 
has historically been challenging. Paleoecological and dendroecological approaches 
serve as the primary means of reconstructing past dynamics, disturbance regimes, 
and the biotic and abiotic interactions within boreal ecosystems. Tree rings and the 
preserved accumulations of peat and lake sediments are the main archives that record 
past environmental conditions within the boreal region. Tree-ring properties and the 
preserved accumulations of fossil pollen, charcoal, lepidopteran scales, and spores 
within peat and sediment records serve as proxies of past environmental conditions. 
Careful interpretation of these proxy tools and their interactions then provides insight 
into long-term, i.e., the Holocene, patterns of climate, vegetation, and disturbance 
regimes. All paleoecological approaches and their proxy tools hold intrinsic advan- 
tages and disadvantages; combined, however, they offer a powerful tool for building 
our understanding of boreal ecosystem functioning. 

This long-term perspective holds two major advantages. First, rare disturbances 
or those having a long return interval—relative to the human lifespan and the existing 
observational record—require a longer reference period to record their occurrence 
and importance. Second, we are living in a critical, ^non-analog" moment in terms 
of ecology and climate change; therefore, longer time frames offer the possibility of 
indirectly observing a wider range of climatic conditions and the related response 
of vegetation and disturbance regimes. Paleoenvironmental data can guide projec- 
tions of how changing environmental conditions will affect future forest ecology and 
disturbance regimes. 

From the perspective of sustainable forest management, silvicultural interven- 
tions can be placed within the same framework as disturbances (see Chap. 1). The 
consequences of silviculture on forest structures at various spatial scales depend on 
the characteristics of the given intervention (see Chaps. 13, 16). If we consider that 
species have adapted to these natural conditions, understanding how past forest struc- 
ture and composition have responded to specific disturbances can provide insight into 
how forest management could be improved to maintain those structural and compo- 
sitional characteristics necessary for preserving biodiversity. In the boreal forest, fire 
and insect outbreaks, because of their frequency and potential severity, are the major 
determinants of boreal forest dynamics. Paleoecological methods able to reconstruct 
this pair of disturbances are now well established and continue to be refined. In this 
chapter, we provide an overview of the paleoecological approaches able to deci- 
pher past records of fire and insect disturbance. This chapter synthesizes the current 
state of knowledge related to the long-term records of insect and fire disturbances 
in the boreal forest. We illustrate the potential of new proxies and demonstrate the 
importance of millennial-scale reconstructions of disturbances for improving our 
understanding of current and future forest dynamics. Finally, we explain how this 
knowledge has implications for forest management in the context of future climate 
change. 
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2.2 Fire History Reconstruction 


Fire is a major disturbance agent in the boreal forest, and future climate warming is 
projected to increase its frequency and severity in many parts of this biome. Inter- 
actions between climate, fire, vegetation, and, in particular, the forest response to 
changing fire regimes are difficult to predict because of the long timescales asso- 
ciated with these changes. Thus, reconstructing a regional fire—through documen- 
tary, observational, and remote-sensing data—becomes essential for extending time 
series. Fire histories involve the analysis of fire regime characteristics, i.e., fire occur- 
rence, frequency, areal extent, and severity, over the long term. These fire histories 
also provide a context within which we can evaluate current fire observations. Given 
the complex interactions between climate, fire, vegetation, and humans, there is 
increasing recognition by ecologists, restoration planners, and forest managers of 
the value of the long-term perspectives provided by paleofire records. Understanding 
the causes and consequences of fire provides a more solid foundation for developing 
appropriate management guidelines, mitigating the loss of forest ecosystem services, 
and improving predictions of future fire activity in a changing climate (Waito et al., 
2018). 

Climate conditions and vegetation characteristics control fires in boreal forests 
(Girardin & Terrier, 2015; Krawchuk & Cumming, 2011). In the boreal forest, for 
example, vegetation flammability and fire propagation rates are higher in needle- 
leaf forest stands than in broadleaf forest stands. Needleleaf forest species produce 
flammable resins and have a lower leaf moisture content. Human-ignited fires have 
also strongly influenced vegetation dynamics in these forests over thousands of years; 
this human influence has shaped the current vegetation and fire activity in the boreal 
zone (Waito et al., 2018). Moreover, active fire suppression policies in populated 
regions of boreal Canada during the mid to late twentieth century decreased fire 
activity, leading to accumulations of forest fuel and a higher risk of future catastrophic 
fires (Parisien et al., 2020). 


2.2.1 Studying Fire Histories at Millennial Time Scales 


Fire histories are reconstructed using proxies from two main archives: (1) tree 
ring—based methods, which rely on fire-induced damage in trees and the age of new 
(even-aged) postfire forest stands; and (2) fire-related charcoal particles deposited 
onto—and subsequently buried within—soil, peat, or lake sediments. 
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2.2.1. Tree Rings 


In general, forest fire reconstructions using tree rings rely on two primary approaches 
(Niklasson & Granstrém, 2000), namely using tree rings to date fire scars and exam- 
ining the age structure of forest stands. Dating fire scars assesses low-intensity fires, 
which damage the tree cambium without killing the tree. This damage to the cambium 
leaves a distinct scar; the timing of the related fire event is then determined from the 
location of the fire scar in the sequence of annual tree rings (Fig. 2.1). When a fire 
occurs during the growing season, the scar’s location within the annual ring can 
even be used to date the event at a subannual temporal resolution, distinguishing, 
for instance, early—, late—, and dormant-season fires. An individual tree can hold 
numerous fire scars and thus record the geographic location and timing of multiple 
fires. Samples used for dating fire scars are commonly (and preferably) the cross- 
section of tree stems; however, where possibilities for sampling are limited, such as 
in strictly protected forests, increment cores extracted from the stem can be used. 
Stand initiation dates based on tree rings provide another means of dating forest 
fires. This approach relies on the premise that a fire event leads to a pulse of regen- 
erating trees. These pulses can often be observed after surface fires in those stands 
recording fire scars; however, they are particularly useful for dating high-intensity 
fires in which no trees survive to preserve fire scars. Aging the cohort of postfire 
regeneration then gives the approximate year of the most recent high-intensity fire. 


Fig. 2.1 A partial cross-section extracted from a fire-scarred Scots pine (Pinus sylvestris L.) 
collected from northeastern Finland. The arrows indicate the locations of fire scars dated 
dendrochronologically at 1296 and 1227 CE. Photo credit Tuomas Aakala 
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2.2.1.2 Charcoal in Forest Soils 


The temporal extent of fire records using stand initiation dates is limited to the most 
recent fire. This is particularly limiting in locations where the regional fire regime 
often involves stand-replacing fires. In these conditions, information related to past 
recurring fires at a given locality can be gained from studying charcoal deposited in 
forest soils. For this approach, samples of organic matter and mineral soil are collected 
(Payette et al., 2012). Charcoal fragments greater or equal to 2 mm in diameter are 
assumed to have been produced in situ; they thus represent local fires (Asselin & 
Payette, 2005). The fire yearis then determined by the radiocarbon dating of a selected 
number of randomly selected charcoal pieces. Although the temporal resolution of 
this soil charcoal-based method is rather coarse, it may greatly extend the temporal 
scale of fire histories initially developed using tree ring-based reconstructions. 


2.2.1.3 Charcoal in Lake Sediments and Peat 


Lake sediments are natural “hard drives" that record the environmental conditions 
and events affecting the surrounding landscape over time (Dodd & Stanton, 1990). 
The stored information in this ecological hard drive must be interpreted using proxy 
indicators found within the sediment record (Bigler & Hall, 2002; Mauquoy & Van 
Geel, 2007). An effective paleoindicator must be abundant, easy to identify, and well 
preserved over sufficiently long periods (see Sect. 2.3.1). 

Charcoal originating from forest fires can be transported by wind and water to a 
lake or peat deposit. These pieces then sink and settle onto the bottom of lakes or 
fall onto the surface of peat. They eventually become buried and preserved in lake 
sediments and peat accumulations. These sediments archive past fires and can be 
recovered by extracting a sediment or peat core. For longer lake sediment records, 
cores are typically extracted from the deepest portion of a lake (Fig. 2.2). More recent 
sediments, found higher in the sedimentary record, are closer to the water—sediment 
interface. These less dense sediments have a higher water content and, as they are 
more easily disturbed, must be collected separately using a free-falling gravity corer, 
such as the Kajak-Brinkhurst or Willner-type corer. These separate cores are then 
correlated against one another to produce a composite record using, for instance, 
210Pb or the sedimentary properties recorded within each core. The sampling of lakes 
is conducted in winter using the frozen lake surface as a platform or using a raft during 
ice-free months. Peat can be sampled from bogs, mires, forested peatlands (Magnan 
et al., 2018), or small forest hollows (Fig. 2.3), the latter being paludified depressions 
inside forest stands (Bradshaw, 1988). Peat sequences are usually extracted using a 
Russian corer or a Wardenaar sampler. 

After their extraction and transport to the laboratory, sediment cores are usually 
sliced into continuous subsamples that are at least 1 cm? in volume. In practice, 
this typically means subsampling at 0.5 or 1 cm intervals along the core. These 
subsamples are then processed to recover charcoal particles and, often, related proxy 
tools, e.g., pollen, diatoms, macrofossils, and sediment samples for loss-on-ignition 
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Fig. 2.2 (left) Winter sampling of lake sediments of Lake Huard, Ontario, Canada. Raynald Julien, 
Adam A. Ali, and Hans Asnong are present in the photo. (right) Sediment (gyttja) recovered 
from Lake Araisu, Latvia, showing varves (annual laminations). Photo credits Adam A. Ali (left), 
Normunds Stivrins (right) 


(LOI) and grain-size analysis (Birks & Birks, 2006). In fire history reconstructions, 
charcoal pieces are usually categorized according to their size. Charcoal size reflects 
the distance traveled by a particle from its origin to the sediment archive. In lake 
sediments, charcoal fragments larger than 160 jum indicate local fires, whereas 
pieces smaller than 160 jum are sourced from fire events having occurred 0 to 40 km 
around the sampled lake (Higuera et al., 2010; Oris et al., 2014). A similar particle 
size— distance interpretation is applied to charcoal recovered from mires and bogs. 
Charcoal records from small forest hollows, however, usually originate from local 
fires («100 s m distant) and are preferably used to reconstruct local or stand-level 
fire histories (Bradshaw, 1988). 

Fire occurrence is typically based on the position of the charcoal layer within the 
sediment core. Chronological control of the sediment record, and thus the dating of 
fire events or periods, is commonly through radiocarbon dating of wood charcoal, 
plant macroremains, or bulk gyttja recovered from the core. The age-depth model 
derived from the obtained dates then provides an estimated age for each subsample. 
The temporal resolution of the collected subsample therefore depends on the thick- 
ness of the subsample and the sediment deposition rate, i.e., the number of years 
represented by a 0.5 or 1 cm thick subsample. Sites having a higher sedimentation 
rate permit a higher resolution of analysis, i.e., fewer years combined within a given 
sample. The time series of charcoal particle abundance is then typically analyzed 
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Fig. 2.3 Recovering a peat core from a small forest hollow. (left) Richard Bradshaw, Heikki Seppä, 
and Oleg Kuznetsov working with a Russian corer in the Russian Karelia region. (right) Peat core 
collected with a Russian corer. Charcoal bands are the darker strips observed near the end of the 
core (toward the bottom of the image). Photo credits Niina Kuosmanen 


with statistical approaches that aim to distinguish past fire events from background 
levels of charcoal deposition (Higuera et al., 2010). 


Box 2.1 Varved Lake Sediments 

Annually laminated lake sediments, also known as varves (Fig. 2.2), are a 
special, albeit rare, type of lake sediment record. Here, an annual record of 
sediment deposition is distinguishable, making it possible to date deposited 
material at an annual and even seasonal resolution, similar to the resolution 
of tree rings, although varved records can often extend much further back 
in time. The seasonality within varves is produced by intra-annual changes 
in the materials deposited from the water column or transported from within 
the lake catchment area. In addition to a clear seasonality in deposition, other 
prerequisite conditions include sufficient incoming organic-inorganic material, 
no disturbance of the deposited material (e.g., through bioturbation), and anoxic 
conditions at the lake bottom. Once a laminated sequence is determined to 
represent annual layers (varves), multiple environmental proxies can then be 
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applied, combining the advantages of centennial-millennial length lake records 
typical to organic sediments with the annual resolution and dating accuracy of 
tree rings. For fire histories, reconstructions from varved lake sediments have 
demonstrated the influence of humans and the environment on fire activity over 
long timescales in boreal Europe (Pitkänen & Huttunen, 1999) and Alaska 
(Gaglioti et al., 2016). This technique has also been used to validate the use 
of charcoal in the sediment record in general by comparing the deposition of 
charcoal in the varves with the fire scar record found in the vicinity of the 
sampled lake (Clark, 1988). 


2.2.2 Limitations and Potential of Fire Reconstruction 
Methods 


Each archive and proxy has its particular advantages and shortcomings; the nature 
of these depends on the required information or specific question being asked by 
the researcher (Remy et al., 2018; Waito et al., 2015). Tree-ring analyses remain the 
most accurate method for reconstructing local- and landscape-scale fire histories; in 
the boreal forest, however, these reconstructions are limited to the recent past (1.e., 
«1,000 years; Oris et al., 2014; Wallenius et al., 2010). Tree-ring analyses are also 
limited in the types of fires that can be dated. Fire scars require that trees survive the 
fires, and fire scars are also rarely formed in trees that are maladapted to frequent fires. 
In European boreal forests, for example, Scots pine (Pinus sylvestris L.) and Siberian 
larch (Larix sibirica Ledeb.) are useful for dating fires from scars, whereas Norway 
spruce (Picea abies (L.) H. Karst.) and deciduous trees are usually not. In high- 
intensity and tree-killing fires, stand initiation dates provide valuable information, 
but the data are limited to the most recent fire (however, see Sect. 2.4 discussing 
subfossil trees). Finally, although tree-ring records are ubiquitous in boreal forests, 
forest management based on clear-cutting tends to remove these biological archives 
in managed areas of boreal forests. Hence, the spatial extent of these reconstructions 
in such locations is more limited, and the study material is often less available than 
in unmanaged forest areas. 

When fire history is investigated at longer millennial timescales or in regions 
where tree-ring proxies are unavailable, the selection of archives and proxies depends 
on the study objectives and the targeted spatiotemporal scale. Charcoal from lake 
sediments and large peatlands allows the reconstruction of long-term fire histories at 
a larger spatial scale. Nonetheless, several sites must be analyzed to reliably uncover 
regional trends in the reconstructions. Furthermore, taphonomic biases specific to 
each proxy, e.g., effects related to transportation, charcoal mixing, and the quality 
of charcoal preservation over time, must be minimized. This includes, for instance, 
avoiding sites showing visible signs of disturbance at the top of the peat (when 
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sampling peatlands) or lakes having a substantial sediment influx. Excluding lakes 
that contain varved sediment records (Box 2.1), lake sediment— based fire reconstruc- 
tions identify low-frequency trends rather than individual fire events. This lower- 
resolution state relates to the dating uncertainty of the age—depth models. This low 
resolution also occurs as a given charcoal peak within a charcoal series can encom- 
pass more than a single fire. Moreover, the low— density nature of the uppermost (1.e., 
the most recent) lake sediments leads to fewer charcoal fragments being recovered 
at these shallow depths in the sediment record, leading to a possible underestimation 
of the number of detected fires in the recent past (Lehman, 1975). 

Charcoal records from soil and peat deposits in small forest hollows provide 
information on past fires at the local scale, and charcoal layers in peat sediments 
offer a reliable record of in situ fires within a single forest stand. However, these 
peat records of fire events suffer from the same limitations in temporal resolution 
as lake sediments. Furthermore, fire events can also consume/destroy the uppermost 
peat layers during exceptional droughts. 

Paleofire studies continue to pursue novel methodological advances to refine 
current proxy tools and to develop new avenues. Recent studies have used char- 
coal morphology (morphotypes) to identify the fuel type— herbs, grass, wood, leaves 
(broadleaf versus coniferous)—and determine the material burned in a given fire, 
thereby providing a more complete portrait of the reconstructed fire regime. Stivrins 
et al. (2019) recently used Neurospora fungal spores to complement the charcoal- 
based fire record. Neurospora spp. produce spores after forest fires, and these spores 
can be identified within the sediment sequence. 

Fire reconstructions are also being improved by integrating a wider set of data 
derived from various proxies of past fire and environmental conditions. A fire 
history, combined with detailed descriptions of past vegetation changes inferred 
from pollen and macrofossil records from the same sediment cores (Colombaroli 
et al., 2009), provides an ecosystem-level assessment of the effects of fire. More- 
over, combining this paleofire and paleoecological information with multiproxy, 
high-resolution centennial- to millennial-scale climate reconstructions—including 
both temperature and precipitation—and modern observational data can offer details 
regarding the long-term trajectories in fire activity and identify the associated drivers 
(Girardin et al., 2013b, 2019). 


2.2.3 Fire in the North American Boreal Forest 


The fire history in the boreal region of eastern North America has been particu- 
larly well documented (Fig. 2.4). The regional Holocene fire history can be divided 
into four periods. The earliest period (ca. 10,000—8,000 + 500 years BP) corre- 
sponds to the afforestation phase during which fire activity began to increase owing 
to the progressive regeneration of vegetation following the retreat of the Lauren- 
tide ice sheet (Dyke, 2004; Liu, 1990). Between ca. 7,500 and 3,500 years BP, the 
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Holocene thermal maximum (also called Holocene climatic optimum) was character- 
ized by hotter and drier conditions, which favored an increase in fire activity (Viau & 
Gajewski, 2009). A colder and moister climatic phase, the neoglacial period, then 
followed, lasting until the last two centuries, during which fire activity was rela- 
tively reduced in boreal forests (Cayer & Bhiry, 2014; Viau & Gajewski, 2009). 
The most recent industrial period (starting ca. AD 1850), marked by anthropogenic 
warming, has generally witnessed an increase in fire activity (De Groot et al., 2013; 
Krawchuk et al., 2009). Nonetheless, a decreased fire frequency observed in some 
regions (Drobyshev et al., 2014; Larsen, 1996) underlines the spatial heterogeneity 
of fire activity across North American boreal forests related to regional and local 
abiotic and biotic conditions (Remy et al., 2017b). 

Stand composition has also altered the Holocene fire regimes in eastern boreal 
North America (Fig. 2.5). The early Holocene afforestation phase was character- 
ized by more frequent and larger fires in the temperate deciduous forest than those 
within the boreal coniferous forest owing to the earlier retreat of the ice sheet in 
southern latitudes (Blarquez et al., 2015). During the Holocene thermal maximum, 
fire frequency and, to a lesser extent, the amount of biomass burned were greater in 
the coniferous forest than in the deciduous forest because of the higher abundance 
of fire-prone species in the former (Gaboriau et al., 2020; Girardin et al., 20132). 
This relatively higher fire activity in coniferous forests decreased slightly during 
the neoglacial period to reach levels similar to those within the deciduous forest. 
This neoglacial shift is best explained by a shorter fire season in the coniferous 
forest related to the cooler conditions and the larger amount of precipitation falling 
as snow during this period (Ali et al., 2012; Remy et al., 2017a; Turetsky et al., 
2011). In deciduous forests, the amount of biomass burned increased slightly during 
the neoglacial period, and fire frequency reached its Holocene maximum for decid- 
uous forests at this time. A higher abundance of fire-prone coniferous forest species 
colonizing from higher latitudes—resulting from colder and moister conditions—can 
explain this increased fire activity (Blarquez et al., 2015; Girardin et al., 2013a; Remy 
et al., 2019). An absence of a large increase in fire activity over the last centuries in 
eastern boreal North America in both coniferous and deciduous forests results from 
a combination of a less favorable climate for fire and anthropogenic fire suppression 
(Bergeron & Archambault, 1993; Bergeron et al., 2001; Blarquez et al., 2015). 

Interregional comparisons of fire reconstructions improve our understanding of 
the mechanisms leading to long-term changes in fire activity, especially when the 
sites vary in their environmental characteristics. Nonetheless, interactions between 
climate changes and vegetation dynamics behind the extreme fire events experienced 
over the past two decades and their consequences on forest regeneration remain 
poorly understood. Thus, a new challenge in paleoecology is detecting and focusing 
on past extreme fire events to understand their causes and consequences to improve 
predictions and mitigate future risks. Several studies have begun to address this 
issue and have highlighted the Medieval Warm Period, a period characterized by 
particularly warm temperatures during which unusual peaks of fire activity occurred 
within various regions of the boreal forest (Girardin et al., 2019). Further studies 
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Fig. 2.4 Simplified representation of interactions between fire, vegetation, and climate within 
Canadian forests. a Mean seasonal fire danger across Canada for the 1900-2017 period and areas 
burned 1981-2017 (dark red). Fire danger includes the additive effects of seasonal drought severity 
and the duration of the snow-free period (equivalent to the fire season length), with higher values 
reflecting a greater seasonal fire danger. b The dominance of needleleaf trees in northern Ontario 
and northwestern Québec, Canada. Data was obtained from Beaudoin et al. (2014) at 250 m reso- 
lution land cover classes. The dimensionless scale covers needleleaf-dominated (dark green) to 
broadleaf-dominated (dark brown) areas, with lakes sampled for fire history reconstruction using 
charcoal records (red diamonds). c An empirical model of the burn rate, i.e., percentage of burned 
area per year for a given region, as a function of fire danger (in a) and percentage cover of broadleaf 
Populus species b. Fire-prone conditions exist when the fire danger is high and the percentage of 
Populus spp. in the regional landscapes is less than 3096. Adapted by permission from Springer 
Nature from Girardin and Terrier (2015) 


focusing on this warm period at multiple locations in the boreal forest could improve 
our understanding of the environmental processes involved in extreme fires. 

Enhanced fire activity is projected for the twenty-first century as temperatures 
rise (Flannigan et al., 2009; Jolly et al., 2015). Anticipated consequences from the 
increased fire activity include changes to wildlife habitat, increased carbon emis- 
sions, heightened threats to human safety and infrastructure (e.g., injury, death, 
property loss, reduced clean air and water supplies), and greater economic losses for 
the forestry sector, losses that may include fewer commercial products and timber 
supplies (Brecka et al., 2018; Gauthier et al., 2015; Walker et al., 2018). 
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Fig. 2.5 The reconstructed Holocene fire regime history of the boreal deciduous and coniferous 
forests of eastern Canada as derived from the analysis of lacustrine charcoal deposits. Plots of the 
number of fires and the charcoal areas indicate the fire occurrence and the area burned, respectively. 
General temperature patterns over the Holocene include cooler (light blue) and warmer (light red) 
periods. The trees illustrate the most abundant species over the Holocene in terms of deciduous 
(gray) or coniferous (black) trees 
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2.2.4 Fire in the European Boreal Forest 


Studies of past fires in European boreal forests have revealed a complex, mixed- 
severity fire regime that varies in both time and space and is influenced by climate, 
vegetation, landscape structure, and human activities. Fire histories are particularly 
well studied in regions within the western portions of European boreal forests, partic- 
ularly on the Fennoscandian Shield. Here, fire shows several broad-scale patterns 
during the Holocene. The analysis of 69 individual fire records recovered from lake 
sediments spread across Fennoscandia revealed that early Holocene fire frequen- 
cies peaked 8,500 to 6,000 years BP. Fire frequency then declined until starting a 
rising trend ca. 4,000 years BP (Molinari et al., 2020). This early Holocene pattern 
reflects the well-resolved climate variability over similar time frames showing that 
the warmest part of the Holocene, the Holocene thermal maximum, and the changes 
in fire activity coincide very well. The trend of more frequent fires in the region 
over the last 4,000 years is driven by an increased human influence related to greater 
human population densities and changes in forest use. 

In addition to the climate-driven patterns in fire occurrence, millennial fire history 
reconstructions illustrate a long-term interaction between vegetation and fire. After 
the Holocene thermal maximum, the most conspicuous change in forest composition 
in the boreal forest in Europe involved the expansion of spruce, which began in eastern 
Fennoscandia ca. 6,500 years BP and has continued in western Fennoscandia over 
the last two millennia. Paleoecological records of charcoal in organic sediments 
from remote sites having limited human influence demonstrated that the expansion 
of spruce coincided with a marked decrease in fire occurrence (Ohlson et al., 2011). 
Nonetheless, it remains unclear whether the expansion of spruce represented the 
cause or the consequence— a changing microclimate or fuel type and distribution—of 
reduced fire activity (Ohlson et al., 2011). 

In the more southern hemiboreal and boreonemoral zones, the emerging picture of 
the Holocene fire trends similarly differs from the expected pattern of a climate-only 
forcing; the observed pattern confirms the importance of interactions with vegetation. 
A detailed lake sediment record from this zone showed that fire frequency was 
relatively high 9,500 to 8,000 years BP (Fig. 2.6). As the climate became warmer 
and drier around 8,000 years BP, fire frequency decreased notably. This observation 
contrasts with the expected causal link between the climate and fire frequency in the 
boreal zone; however, it may be explained by a change in the vegetation and fuel type 
(Feurdean et al., 2017). During the warm and dry period, 8,000 to 5,000 years BP, 
the populations of temperate deciduous broadleaf tree species (e.g., hazel, oak, lime, 
and elm) in the southern part of the boreal zone increased and replaced the boreal tree 
species. This major shift in forest composition reduced the regional fire frequency 
because these deciduous species are less flammable than conifers. It is also possible 
that greater shade in the dense deciduous forest and the higher moisture content of 
the leaves favored a reduced fire frequency (Feurdean et al., 2017), similar to the 
effects of spruce expansion in more northern regions (Ohlson et al., 2011). 
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Fig. 2.6 Vegetation and fire frequency in the southernmost edges of the European boreal forest; 
fire return intervals increased, and the number of fires decreased as vegetation shifted toward a 
greater presence of temperate trees during the Holocene thermal maximum, despite the climate 
being warmer and drier. Figure redrawn from Feurdean et al. (2017) with permission from Elsevier 


Approaching the modern period, the human influence on forests and the fire 
regime becomes increasingly evident within the sediment record (Molinari et al., 
2020); this pattern is also observed in tree ring-based records where the longest 
reconstructions extend 700 to 1,000 years BP (Niklasson & Granstróm, 2000; Rolstad 
et al., 2017; Wallenius et al., 2010). The timing of this increased human influence 
varies between regions, very much related to human settlement and lifestyle changes 
(Wallenius, 2011). In particular, the increase and eventual decline in slash-and-burn 
agriculture, widely practiced over much of Finland, has been identified as a driver 
of the onset and cessation of high fire activity; similar patterns have been identified 
across the region, from southeastern Norway in the west (Rolstad et al., 2017) to the 
Komi Republic in the east (Drobyshev et al., 2004). This anthropogenic influence 
is reflected by increased fire frequencies, smaller fire sizes, and a greater number 
of early—season fires (Niklasson & Granstróm, 2000; Rolstad et al., 2017). Climate 
continues to be a driver, in particular during exceptionally dry years and periods when 
Fennoscandian forests experience a greater area of forest burned (Aakala et al., 2018; 
Drobyshev et al., 2016). In most of Fennoscandia, this period of human-induced high 
fire activity has receded over the past 100 to 250 years because of changes in forest 
use, land tenure, and, more recently, the greater development of infrastructure and 
fire suppression (Rolstad et al., 2017; Wallenius, 2011), giving way to the modern 
fire regime (see Chap. 3). 

In addition to this temporal variability, long-term fire reconstructions have demon- 
strated a latitudinal gradient of more frequent fires in the south to less frequent fires 
in the north (Drobyshev et al., 2014). This gradient has a climatic origin (Larjavaara 
et al., 2005); however, except for the mountainous areas, the fire gradient also follows 
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a population density gradient over much of the region. In the southern areas, char- 
acterized by warmer and drier conditions in the summer and a greater human influ- 
ence, the estimated mean fire interval over the past several millennia has varied 
between 70 and 95 years, as determined from charcoal records from varved lake 
sediments (Pitkänen & Huttunen, 1999; Tolonen, 1978). In northern Sweden, a fire 
interval about of about 80 years has been obtained from tree rings (Zackrisson, 1977), 
and a millennium-long tree-ring reconstruction in northern boreal Finland found a 
mean fire cycle—time required to burn an area equal to the area studied—of 350 
years (Wallenius et al., 2010). The Finnish site has a less fire-conducive climate 
and lower population density than more southern, fire-prone sites. Within forested 
landscapes, characteristics such as fire breaks, topography, and differences in soil 
hydrology produce a within-landscape variability in the Holocene fire record. In 
southern Fennoscandian and western Russian boreal forests, for example, the sedi- 
ment charcoal-based fire return interval ranges from 109 to 237 years during the last 
11,000 years (Stivrins et al., 2019), whereas nearby sites are without any evidence 
of fires (Kuosmanen et al., 2014). A similar type of spatial variability in fire history 
is recorded in the eastern parts of the European boreal forests in the Ural Mountains 
(Barhoumi et al., 2020). Tree ring—based reconstructions tell a similar story with 
substantially different fire return intervals in various parts of a landscape, depending 
on soil hydrology (Aakala, 2018). 


2.3 Millennial Insect Outbreak History 


The detailed patterns of fire history described in the preceding sections reflect the 
predominance of wildfire as the most commonly studied disturbance in boreal pale- 
oenvironmental research (Bergeron et al., 2010; Flannigan et al., 2001). Our under- 
standing of millennial-scale natural disturbances has traditionally revolved around 
the role of fire in influencing forest dynamics, despite an understanding that distur- 
bances interact and operate at multiple scales and that in many locations, insect 
outbreaks, rather than wildfires, are the major drivers of forest landscapes. Over 
the short term, insect outbreaks and plant diseases can damage extensive areas of 
forest and produce significant economic losses. Insect outbreaks are one of the most 
influential factors shaping modern boreal forest diversity (McCullough et al., 1998). 
As with fire, insects contribute to the regeneration of the forest mosaic. In contrast 
to fire, however, insects affect stands selectively by, for example, targeting old and 
vulnerable trees. 

Various insect defoliators, composed mainly of lepidopterans, affect boreal stands. 
These defoliators include the forest tent caterpillar, Malacosoma disstria (Hübner), 
the hemlock looper, Lambdina fiscellaria (Guénée), and the spruce budworm (SBW), 
Choristoneura fumiferana (Clemens). The latter has the greatest influence within the 
boreal region owing to its very extensive distribution and marked effect on North 
American boreal forests. SBW is a defoliating lepidopteran native to coniferous 
forests in Canada and the northeastern United States. This species is responsible for 
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the largest area of damage in the North American boreal forest for insect defoliators. 
Its primary hosts are balsam fir (Abies balsamea (L.) Mill.), white spruce (Picea 
glauca (Moench) Voss), and, to a lesser extent, red spruce (Picea rubens Sarg.) and 
black spruce (Picea mariana (Mill.) BSP). The univoltine cycle of this moth consists 
of an egg stage, diapause, six larval instars, pupation, and an adult stage (moth). 
This last stage is relatively short (two weeks), during which the insect spends all its 
time looking for a mate. If successful in finding a mate, the females then lay their 
eggs. Balsam fir may die after three or four consecutive years of severe defoliation 
(Bergeron et al., 1995; MacLean, 1984), whereas secondary hosts suffer crown and 
branch mortality and growth reduction of up to 7596 (MacLean, 1984; Nealis & 
Régniére, 2004). In the province of Québec (Canada), the forest surface affected 
by this species of Lepidoptera over the last century is twice the size of the state of 
California (Navarro et al., 2018c). SBW outbreaks have major ecological effects and 
result in important economic consequences through the loss of forest productivity 
(Shorohova et al., 2011). 

Despite the scale and significance of this natural disturbance agent, we remain 
limited in our knowledge regarding the frequency and severity of SBW outbreaks at 
a multimillennial scale and understanding how these outbreaks relate to climate and 
other disturbances, such as fire. Given that variations in temperature and precipitation 
affect an organism's survival, reproduction cycle, and spatial dispersion (Dale et al., 
2001), it is critical to understand the links between SBW outbreaks and climate 
to better understand the potential of SBW outbreaks under future climate change 
scenarios (Klapwijk et al., 2013; Volney & Fleming, 2000). Paleoenvironmental 
records of these insect outbreaks can therefore offer a long-term perspective of SBW 
outbreaks and shed light on the periodicity, synchronicity, and consequences of past 
insect outbreaks improve our understanding of the spatiotemporal patterns of SBW 
in relation to climate (Berguet et al., 2021; Jardon et al., 2003; Navarro et al., 20182). 
Until recently, however, the lack of effective proxies and methods for reconstructing 
insect-related disturbances led to a severely neglected and oversimplified under- 
standing of the frequency, intensity, and impacts of past insect outbreaks on the forest 
landscape. In the following section, we summarize recent advances in the paleoenvi- 
ronmental reconstruction of past insect outbreaks, specifically those of SBW, in the 
boreal forest. 


2.3.1 Insect Outbreak Reconstruction 


2.3.1.4 Dendrochronology 


Dendroecological approaches have been applied to the reconstruction of past insect 
outbreaks. Tree rings provide indirect measurements of insect activity; years of 
unusually narrow or otherwise anatomically abnormal tree rings can be related 
to insect outbreaks. These tree ring-based approaches have helped reconstruct 
outbreaks of numerous insects, including outbreaks of the forest tent caterpillar 
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(Cooke & Roland, 2000; Sutton & Tardif, 2007), the larch sawfly (Pristiphora erich- 
sonii (Htg.); Jardon et al., 1994; Girardin et al., 2001, 2002; Nehemy & Laroque, 
2018), the larch budmoth (Zeiraphera diniana Gn.; Weber, 1997; Rolland et al., 
2001), the western and eastern spruce budworm (Boulanger et al., 2012; De Grandpré 
et al., 2019; Flower et al., 2014; Krause, 1997; Morin & Laprise, 1990; Navarro et al., 
2018c; Swetnam & Lynch, 1993), and the jack pine budworm (Choristoneura pinus 
Free; Volney, 1988), as well as outbreaks of the geometrid moths Epirrita autum- 
nata Borkh (Babst et al., 2010) and Operophtera brumata L. (Hoogesteger, 2006; 
Tikkanen & Roininen, 2001; Young et al., 2014). 

The reconstruction of insect outbreak regimes at the landscape scale is a major 
challenge, as aerial surveys of defoliation have been available only since the 
1960s—covering only one major outbreak in the last century—and are concentrated 
mainly in the balsam fir area; thus, the use of dendrochronological approaches 
becomes essential. Similar to tree ring—based studies of fire history, a major limita- 
tion in dendrochronological reconstructions of insect outbreaks is the maximum age 
of host trees. This is particularly true for trees affected by eastern spruce budworm, 
as this insect often kills its host. Cross-dating has been helpful when using dead 
trees, found either in the field or as lumber in old buildings, to extend tree-ring 
chronologies (Boulanger & Arseneault, 2004; Boulanger et al., 2012; Krause, 1997); 
in North America, however, there are few historical buildings, which limits the longest 
chronologies to the last 400 years. The available tree-ring series for extensive areas 
of the eastern Canadian boreal forest extend only to the early twentieth century 
(Navarro et al., 2018c). Subfossil trees, buried stems recovered from peatlands or 
lakes, can extend dendrochronological records further back in time. Simard et al. 
(2002), for example, studied a small peat bog surrounded by host trees of spruce 
budworm and found evidence of outbreaks between 4,170 and 4,740 years BP. A 
more extensive use of subfossil trees from lakes appears promising, as highlighted 
by arecently published 800-year chronology of SBW outbreaks relying on subfossil 
stems (Morin et al., 2020). Nonetheless, long-term local and regional chronologies 
remain unavailable for extensive areas. 


2.3.1.2 Macrofossils 


Macrofossils are plants and animal parts preserved in the sediment record and 
are visible without using a microscope; they include cones, leaves, seeds, stems, 
exoskeletons, teeth, and bones. These indicators confirm the nearby presence of these 
organisms and are powerful tools for reconstructing insect outbreaks. Head capsules, 
pupae, and other insect remains preserved in the sedimentary record can serve as 
proxies of past SBW (and other species) outbreaks (Bhiry & Filion, 1996; Davis & 
Anderson, 1980). Most body parts of the caterpillar or butterfly stage are nonethe- 
less fragile and often recycled very rapidly within the soil humus layer (Potelle, 
1995). SBW feces (frass pellets), however, are well-preserved macrofossils (Fig. 2.7). 
During heavy budworm infestations, fecal pellets can rain down continuously from 
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infested trees to the ground. The feces can be identified to the species level, and parts 
of balsam fir needles within the fecal matrixes remain identifiable (Potelle, 1995). 

At present, the longest budworm macrofossil profile covers more than 8,200 cali- 
brated (cal.) years BP (Simard et al., 2006). Spruce bud worm feces began accumu- 
lating at the study site around 8,240 cal. years BP and were observed throughout the 
profile. Budworm feces peaks occur at ca. 6,775 cal. years BP and 6,550 cal. years BP. 
Three other sampled bogs from the same region also demonstrate two or three periods 
of higher feces abundance during the Holocene (Simard et al., 2011); however, these 
periods of higher insect macrofossil abundance are not synchronized, indicating that 
episodes of high spruce budworm abundance varied between locations. This initial 
evidence also suggested that peaks of high spruce budworm abundance were rare 
over the course of the Holocene. Although Simard et al. (2006, 2011) found only a 
few peaks of spruce budworm feces during the Holocene, these were the first studies 
to identify budworm outbreaks over the Holocene. 

Macrofossils as indicators of insect outbreaks have some significant limitations. 
Similar to the lake- or peat-based paleoecological methods presented above, macro- 
fossils collected from sedimentary records do not provide high-resolution recon- 
structions; identified periods of high budworm populations can encompass several 
outbreaks. Furthermore, questions have been raised regarding feces preservation over 
time owing to greater decomposition with age, biasing against older outbreaks. More- 
over, insect macrofossils represent only a local signal, and study sites are limited to 
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Fig.2.7 Proxies from lepidopterans used to reconstruct insect outbreaks; a wing scales, b cephalic 
capsules, and c feces 
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the few, sporadically scattered locations where balsam fir, the preferred host of the 
spruce budworm, grow near the sampled peat bogs and lakes. Finally, this approach 
requires a sizable amount of sample material, and the extraction of macrofossils is a 
very laborious manual task. 


2.3.1.3 Microfossils: Lepidopteran Scales as a Novel Paleoindicator 


The lack of robust, abundant, and nondecomposing proxies has limited previous 
paleoecological reconstructions of SBW outbreaks. During the current SBW infes- 
tation in the Saguenay-Lac-Saint-Jean region (Québec), however, large quantities 
of adult moth scales were observed in the water column of regional lakes. These 
lepidopteran scales are released as an individual moth dies (around 150,000 scales 
per insect). These scales, transported by the wind and water, land on the lake surface 
and eventually settle onto the lake bottom to become part of the sediment record. 
The chitinous composition of these scales favors their preservation in the sediment, 
and their abundance in the sediment indicates the relative timing and intensity of the 
outbreaks (Montoro Girona et al., 2018b). 

There are several advantages to this new proxy. The identification of spruce 
budworm scales is less problematic than that of spruce budworm feces, as the 
scales are chitinous, and their long-term preservation in lake sediments is excellent. 
Numerous lakes, and their sediment archives, dot the boreal forest landscape; thus, 
it is possible to produce a large-scale portrait of insect outbreaks. Moreover, only a 
small amount of material is required for sample preparation and analysis (1 cm?), 
and lepidopteran scale analysis can be combined with charcoal and pollen analyses 
from the same sample. This innovative methodology to extract lepidopteran scales 
(Montoro Girona et al., 2018b; Navarro et al., 2018b) from the sediment samples 
circumvents some of the limitations of the feces-based approach. 

Distinct scale morphologies among lepidopteran taxa permit taxonomic identifica- 
tion of the scale to the species level (Fig. 2.8). Given that billions of spruce budworm 
individuals live during an outbreak, significant peaks in the number of scales within 
a lake core should indicate outbreak events. Preliminary work using sediment traps 
and short cores demonstrated that the relative and absolute abundances of scales in 
the traps and sediment are proportional to the intensity of the annual defoliation of 
the surrounding forest and that the transfer of the scales from the lake surface to the 
lake bottom occurs over a few days, generally less than a week. Moreover, the strati- 
graphic position of scales within a well-dated sediment record matched the timing of 
known outbreaks (Navarro et al., 2018b). This series of tests confirmed the potential 
for a scale-based reconstruction of lepidopteran outbreaks from the sediment record. 
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Fig. 2.8 Potential of lepidopteran scales as a paleoindicator of insect outbreaks. Scales are 
composed by chitin and are thus difficult to degrade. a Comparison of four well-preserved scales 
extracted from a lake sediment core with spruce budworm (SBW) morphotypes generated through 
shape measurements of thousands of SBW specimen scales. b Wing scales organized like roof tiles. 
€ Diversity of wing scale morphotypes. Photo credits a Montoro Girona et al. (2018b; CC BY 4.0); 
b, c Emy Tremblay and Miguel Montoro Girona 


2.3.2 Holocene History of Insect Outbreaks 
and Consequences for Understanding 
Outbreak-Fire-Climate- Vegetation Interactions 


Navarro et al. (2018c) identified 87 significant peaks in scale abundance over the last 
8,000 years. These results contrasted markedly with those of the SBW feces-based 
record, which recorded few events over the Holocene. The lepidopteran scale record 
indicates a pattern of highly variable but consistently present budworm populations 
over the Holocene. Pairing the scale record with microcharcoal and pollen records 
revealed that the frequency of outbreak events was inversely correlated with the 
frequency of fire events (Fig. 2.9). When the periods of high budworm populations in 
the four feces diagrams produced by Simard et al. (2011) are combined, the frequency 
of outbreaks produces an inverse relationship with published fire frequency events. 
Therefore, the spruce budworm feces record recovered from peat deposits did not 
contain all outbreaks that occurred at the sampling site; this absence from the peat 
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record likely relates to the easily degradable nature of the SBW feces in the peat 
archive. 

The use of lepidopteran scales has heightened our ability to understand outbreak 
dynamics during the Holocene and their relationship to fire, climate, and forest struc- 
ture across the landscape. We are currently sampling several lakes in the mixed 
forest—the current center of SBW distribution—and the black spruce forest—the 
modern northern distribution of the insect—to better understand the links between 
SBW outbreaks and forest structure. Balsam fir abundance fluctuates in relation to 
other species, and these fluctuations relate mainly to climate and fire as indicated by 
the fluctuations of fire-adapted species, such as jack pine, and charcoal abundance 
over the Holocene (Bergeron & Leduc, 1998). Our initial results support the earlier 
finding of an inverse relationship between outbreak frequency and fire (Fig. 2.9). A 
drier climate appears to induce a higher fire frequency. This shift favors the instal- 
lation of fire-adapted species (e.g., jack pine) that are not hosts of budworm. The 
frequency of detectable outbreaks therefore decreases. In contrast, a more humid 
climate—most likely a warmer humid climate—leads to a lower fire occurrence, 
thereby favoring the maturing of forests where SBW host trees, such as balsam fir 
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Fig. 2.9 Interactions between fire and insect outbreaks over the Holocene in the province of Québec, 
Canada. a Magnitude of fire and lepidopteran scale peaks (#-cm7-peak~!). Letters correspond to 
peaks identified from other proxy records; a Simard et al. (2006), b Anderson et al. (1986), c 
Bhiry and Filion (1996), and d Jasinski and Payette (2007). b The frequency of fire and SBW 
outbreaks (peaks-1,000-yr-!). To extract fire events from the charcoal stratigraphy, we defined a 
background component (Cpack) using a Lowess smoothing that was robust to outliers and with a 
500-year smoothing window. Cpac was extracted from the interpolated series of raw data (Cint) to 
define a peak series (Cpeak) as a residual of Cint — Chack. Each peak exceeds the 99th percentile 
threshold of the residual of Cint — Cback. Roman numbers correspond to the disturbance interaction 
steps during the Holocene: 7 and IV represent periods where fire was the dominant disturbance; Z 
(6,200-2,500 cal. yr BP) had insect outbreaks as the main disturbance, and period /// experienced 
fire and outbreaks at a similar frequency 
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and white spruce, proliferate. Thus, this specific forest composition leads to periods 
of higher SBW abundance. 

The recent dynamics of SBW outbreaks and the observed changes to fire regimes 
reflect millennia of interactions between the insects and their environment. Thus, 
understanding these complex dynamics requires that we use approaches such as 
dendrochronology and paleoecology to improve our understanding of the frequency 
and severity of epidemic periods over the longest possible period. Some studies have 
demonstrated that SBW was already present and abundant in stands lacking balsam 
fir, suggesting a high SBW activity on this insect's secondary host, namely black 
spruce (Simard et al., 2006). Moreover, this high abundance was observed during 
a relatively warm period of the Holocene (7,000—6,000 cal. yr BP), suggesting a 
phenological synchronization between insect and host (Fig. 2.9). 

Using periods of growth suppression in dendroecological series, Navarro et al. 
(20182) identified three insect outbreaks in eastern Canadian forests over the last 
century; these outbreaks differed in their respective spatiotemporal pattern, dura- 
tion, and severity. The first outbreak (AD 1905-1930) affected up to 40% of the 
studied trees, initially synchronizing from local infestations and then migrating to 
more northern stands. The second outbreak (AD 1935-1965) was the longest lasting, 
although the least severe, with only up to 3096 of trees affected by SBW activity. 
The third event (AD 1968-1988) was the shortest; however, it was also the most 
severe and extensive, affecting nearly 50% of trees and 70% of the study area. This 
most recent event was identified for the first time at the limit of the commercial 
forest, illustrating a northward shift of the SBW distribution area during the twen- 
tieth century. This observation provided the first documented evidence of how climate 
change influences the current spatiotemporal patterns of SBW outbreaks (Navarro 
et al., 2018c). 

However, dendroecological reconstructions of past outbreaks have assumed that 
only defoliation is responsible for the sustained growth suppression in the host 
trees. Recent work illustrates that periods of climate-related growth suppressions 
can precede or co-occur with insect disturbances (De Grandpré et al., 2019). It is 
therefore possible that some of these reconstructed outbreak periods are, in fact, 
confounding effects of climatic periods unfavorable for growth (Gennaretti et al., 
2018; Girardin et al., 2014, 2019). More research must be carried out to differentiate 
the effect of defoliation and climate-related growth suppressions in dendroecological 
series to improve reconstructions of the spatial and temporal dynamics of past insect 
outbreaks. 

Outbreak reconstructions provide strong support for the hypothesis that SBW has 
been present and influencing forest dynamics in the boreal forest Québec throughout 
the Holocene (Simard et al., 2006). SBW abundance and outbreaks are strongly 
correlated with the presence of its primary hosts; this presence is itself influenced by 
climatic variations and fire regimes. This information will be essential for building 
predictive models of SBW outbreaks in the face of climate change. The early and late 
Holocene were characterized by a relatively high fire frequency; the greater number of 
fires may have restricted the development of severe epidemics by reducing the number 
of mature hosts in the landscape. These results also suggest that epidemics would 
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have been much more frequent and possibly more severe in the mid-Holocene when 
fires had less (or more local) influence on the landscape, highlighting the importance 
of intermediate severity disturbances in the forest landscape and providing insight 
for ecosystem-based management to adapt the silvicultural practices to this type of 
disturbance, e.g., applying partial harvest in locations having longer fire intervals 
(Bose et al., 2014; Martin et al., 2020; Montoro Girona et al., 2016; Moussaoui et al., 
2020). 


2.4 An Archive of Boreal Forest Dynamics: Subfossil Trees 


Subfossil trees, where available, offer another means of reconstructing disturbance 
histories at an annual resolution. The potential information preserved in the tree- 
ring records of subfossil trees includes the temporal patterns of tree recruitment 
and mortality, the occurrence and timing of forest disturbances, and the interannual 
variations in forest productivity and climate over timescales ranging from centuries 
to a few millennia (Gennaretti et al., 2014b). Subfossil trees provide information 
mainly in terms of local stand-scale forest dynamics; however, their tree-ring patterns 
may also be imprinted by regional- and hemispheric-scale climate signals, thereby 
allowing reconstructions of past climate variability and the influence of main climate 
forcing agents, e.g., solar, orbital, and volcanic influences; see Gennaretti et al. 
(20142). The varying ages of the preserved subfossil trees can also extend the regional 
tree-ring records beyond the period covered by living trees. 

The preservation of these paleoenvironmental archives requires exceptional depo- 
sitional conditions for the trees to experience minimal decay (Fig. 2.10 a, b). These 
settings include anoxic sediments (peat, lake, and river sediments) or in sites where 
arid or cold conditions limit insect and microbial activity on the dead tree trunks 
(Eronen et al., 2002; Gennaretti et al., 2014b; Hantemirov & Shiyatov, 2002; Spurk 
et al., 2002). Subfossil trees can sometimes be dated from their depositional context 
with variable precision, although the main interest in their use stems from the 
analysis of their tree rings to determine the exact calendar years of ring forma- 
tion through the dendrochronological cross-dating of ring-width patterns against a 
"master chronology" (see Box 2.2 on master chronologies). 

The systematic or exhaustive sampling of subfossil stems at a single site can reveal 
several tree generations of stand-scale forest dynamics acting in response to local 
disturbances (Fig. 2.10). Subfossil tree records collected from peatlands, lakes, and 
rivers in the eastern Canadian boreal forest highlight the long-lasting consequences 
of individual fire events (Arseneault & Payette, 1997; Arseneault & Sirois, 2004; 
Arseneault et al., 2007; Gennaretti et al., 2014c). These effects include shifts to 
treeless environments, changes in stem density, and the exclusion of fire-sensitive 
tree species. The sampling of subfossil logs from several sites across a relatively 
broad region allows large-scale patterns and processes to be documented, including 
latitudinal or altitudinal shifts of tree line (Helama et al., 2005; Kullman, 1995) and 
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Fig. 2.10 Typical examples of subfossil trees in lakes of the eastern Canadian boreal forest. a A 
dominant living tree prone to be recruited as a dead tree in the littoral zone of a small lake surrounded 
by an old-growth black spruce forest. This tree fell into the lake two years after this picture was 
taken. b A dense accumulation of subfossil trees in the littoral zone of the same lake as a. The 
subfossil stems in the photo have been accumulating continuously over the last two millennia. c 
A charred lateral branch of a cross-dated tree indicates that the corresponding tree died during a 
fire several centuries ago. d Impact of a stand-killing fire (vertical dashed line) on the recruitment 
of individual subfossil stems (horizontal bars). More than a century is generally needed for the 
postfire recovery of the lakeshore forest and subsequent inputs of new tree trunks into the littoral 
zone. Subfossils recruited before the fire event must be cross dated using subfossil trees from another 
shore segment or nearby lake. Such fire-induced recruitment gaps often limit the development of 
millennial master chronologies for the North American boreal forest. Photo credits a-c Dominique 
Arsenault d Modified permission from John Wiley & Sons, Inc. (Journal of Ecology © 2013 British 
Ecological Society) from Gennaretti et al. (2014b) 


long-term reconstructions of defoliating-insect outbreaks (Esper et al., 2007). At a 
more local scale, sunken cut logs, deposited in river sediments during the timber- 
driving era in eastern Canada, provide evidence of the nineteenth and twentieth- 
century logging history in the corresponding watershed. Information obtained from 
these sunken logs testifies to the progressive changes in logging activities from the 
preferential cutting of large pine and spruce stems in the nineteenth century to a more 
generalized exploitation of all conifer species following the development of the pulp 
and paper industry at the turn of the twentieth century (Boucher et al., 2009). 
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Box 2.2 Master Chronologies 


Developing a long "master chronology" from subfossil trees is a long, difficult, 
and expensive task, requiring the analysis of several hundred to thousands of 
trees and their respective tree-ring records. Master chronologies longer than 
7,000 years have been developed from subfossil stems recovered from lakes 
in northern Fennoscandia by sampling about 1,000 Scots pine (Eronen et al., 
2002; Grudd et al., 2002), and more than 2,000 black spruce were needed 
to develop a 1,300-year master chronology for the eastern Canadian boreal 
forest (Gennaretti et al., 2014b). The general idea is to use these hundreds 
of overlapping tree-ring records to produce an average characteristic tree-ring 
sequence for a region. Undated tree-ring records of an individual tree or a 
group of trees ("floating" tree-ring series) can then be matched to the patterns 
of the master chronology to obtain a precise dating (cross-dating process) of 
the individual records. Successive dating of older trees permits the temporal 
extension of the master chronology. The challenge of developing a master 
chronology in the boreal forest stems from the high frequency of stand-killing 
forest fires, which limits the temporal continuity of tree-ring chronologies in 
this fire-prone region (Fig. 2.10c; Arseneault et al., 2013; Gennaretti et al., 
2014c). Thus, many trees and sites are required to build a long, boreal master 
chronology that extends through periods where severe stand-killing fires burned 
specific stands, but not all sites. 


2.5 Looking Toward the Future 


Anthropogenic environmental changes are pushing global forest ecosystems toward 
non-analog states, including disturbance regimes not previously encountered in the 
period of recorded human history. The use of the various environmental signals 
stored in biological archives, such as tree rings and lake and peat sediments, can 
provide critical information on past changes in environmental conditions, the asso- 
ciated changes in disturbances, and how forest ecosystems have responded to these 
shifts. This multiproxy paleoenvironmental approach is particularly important for 
slowly occurring processes, which require centennial- to millennial-scale measure- 
ments to be noted and assessed. Paleoecological information provides a long-term 
context for the observed changes and a means of testing models and simulations that 
fall beyond environmental conditions observed in recorded history. Paleoecology 
can also explain how the current ecosystem structures have developed, e.g., the long- 
term patterns of fire occurrence related to human activities. Combining paleoenviron- 
mental approaches at sites within the boreal forest has improved our understanding 
of the interactions between various disturbances over the Holocene, the role of insect 
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outbreaks on landscape dynamics, and the interactions between climate, vegetation, 
fire, and insects over the short term, i.e., last 200 years, and plurimillennial scales. 

The development of alternative paleoenvironmental proxy indicators remains 
active, including the use of fungal spores for reconstructing the occurrence of 
pathogenic fungi, the recovery of insect remains other than the abovementioned 
lepidopteran scales (Schafstall et al., 2020), and the application of ancient DNA and 
molecular biomarker analyses to the sedimentary record (Crump, 2021; Dubois & 
Jacob, 2016). Specific proxy records may serve complementary and related purposes. 
Living and subfossil tree-ring chronologies hold information on long-term forest 
disturbances at an annual resolution and may also be used to study climate variability 
over the chronological coverage. Subfossil samples could also potentially improve 
our understanding of climate-related changes in forest productivity in commercial 
forests by providing information related to past tree growth, an element needed to 
improve the forecasts of future forest productivity under climate warming. Finally, 
the long-term patterns of forest response to natural disturbances can help develop 
more sustainable forest management strategies. Central to this framework is that 
harvest methods should emulate patterns of natural disturbance to thereby minimize 
the differences between managed and natural forests (Kuuluvainen, 2002; Montoro 
Girona et al., 20182). The development of these management methods requires a 
thorough understanding of patterns, consequences, and long-term variability of fire, 
insect outbreaks, and other natural disturbances to adapt silvicultural practices to 
future shifts in climate. 
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Abstract Natural disturbances drive forest dynamics and biodiversity at different 
spatial and temporal scales. Forests in the boreal biome are shaped by several types of 
disturbance, including fire, windthrow, and insect outbreaks, that vary in frequency, 
extent, severity, and specificity. In managed forests, disturbances also affect the 
amount and quality of available timber. Ecosystem management uses information on 
disturbance regimes as a guide to finding a balance between ecological, economic, 
and social viewpoints. In this chapter, we review current knowledge on disturbance 
regimes in boreal forests and discuss some implications for managing the impact and 
risk of disturbances in the context of forest ecosystem management and restoration. 
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Box. 3.1 Definitions of Terms Used in the Chapter 


A disturbance is defined as a relatively discrete event that affects the structure of 
an ecosystem, community, or population and that modifies resources, substrate 
availability, or the physical environment (Pickett & White, 1985). 

A disturbance regime consists of a combination of all characteristics generated 
by one or several disturbance agents acting within a given land area. Some 
principal descriptors related to natural disturbance regimes are listed below. 
Intensity: the physical force of the event per area per unit of time (e.g., heat, 
wind speed) 

Severity: the impact of the disturbance on an organism, community, or 
ecosystem (e.g., tree mortality) 

Duration: the time (minutes to years) from the beginning to the end of a single 
disturbance event 

Frequency: the proportion of area affected annually. Return interval — 
1/frequency 

Specificity: the selective nature of a disturbance agent toward one or several 
types of habitat or species 


3.1 Fire 


Fire is a dominant disturbance in circumboreal forests (Gauthier et al., 2015b), and it 
has been the basis for many emulation and restoration strategies. Circumboreal fire 
regimes are, however, highly variable (Buryak et al., 2003; Furyaev, 1996; Gromtsev, 
2002; Rogers et al., 2015; Sofronov & Volokitina, 1990). In North American boreal 
forests, crown fires dominate (Rogers et al., 2015; Wooster & Zhang, 2004), although 
fire severity, i.e., the magnitude of the impact of fire on living plants and the soil 
organic layer, varies within and between events as well as within a fire season (April 
to October; Guindon et al., 2021). Eurasian boreal forests are shaped by mixed- 
severity fire regimes, where variation in fire severity is driven by climate and weather, 
vegetation, and characteristics of the soil and bedrock (Gromtsev, 2008; Sofronov & 
Volokitina, 1990; Valendik & Ivanova, 2001). Flammability is similarly dependent 
on the above factors and is often inversely related to severity, i.e., easily ignited areas 
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are often subject to low-intensity surface fires. Flammability and fire severity can 
also be influenced by the occurrence of other disturbances, which affect the quality 
and quantity of fuel; for example, when poorly flammable forests are disturbed by an 
insect outbreak, they may become more flammable and, consequently, the resulting 
fire may display a crown-fire behavior. 

As the characteristics of current fire regimes vary widely between forest regions 
in Canada and Eurasia, we detail below the regimes for Canadian and Eurasian 
boreal forests separately. We further distinguish the Fennoscandian boreal forests 
of Finland, Sweden, and Norway, as their respective fire regimes and fire-related 
management challenges differ greatly from the rest of the boreal zone. 


3.1.1 Current Fire Regimes 


3.1.1.1 Canada 


The annual area burned varies markedly in Canadian boreal forests (Boulanger et al., 
2014; Hanes et al., 2019). On average, 8,000 fires burn around 2 million ha of forest 
across the country each year (Gauthier et al., 2015a; Hanes et al., 2019). For fires 
larger than 200 ha (data covering 1959—2015), 8596 were ignited by lightning (Hanes 
et al., 2019), whereas smaller fires may include a greater share of human-caused fires 
(Cardil et al., 2019). The regional annual burn rates (1.e., the fraction of the region that 
burns on average every year, compiled for 1959-1999) can vary from approximately 
0.05% to 0.196 per year in northern and eastern regions to 1.5% per year in western and 
central Canada; this corresponds to return intervals of 2000 and 67 years, respectively 
(Boulanger et al., 2014). This relative interregional difference is expected to persist 
with climate change, whereas the total area burned is predicted to increase (Boulanger 
et al., 2014). Most fires are small, whereas a few large lightning-ignited fires are 
responsible for most of the area burned (Hanes et al., 2019). 

In Canada, debates continue in regard to fire frequency and the influence of stand 
age, fuel types, and site conditions versus that of climate and weather (Bessie & 
Johnson, 1995; Cumming, 2001; Erni et al., 2018; Héon et al., 2014; Lefort et al., 
2003). Under a given regional fire regime, deciduous forests are less likely to burn 
than coniferous ones (Bernier et al., 2016), and young and low-biomass forests are 
less likely to burn than older and high-biomass ones. In regions having the highest 
burn rate (1.596 per year), the return interval—the inverse of burn rate—is 66 years. 
Young («30 years) deciduous forests and old (>90 years) coniferous forests have burn 
rates of 0.14% and 2.82% per year, respectively, whereas in regions experiencing 
the lowest regional burn rate (0.0596 per year and a 2000-year return interval), the 
respective burn rate would be between 0.005% and 0.09% per year. As most future 
projections of fire burn rate are based only on future climatic conditions, accounting 
for this variation in fire selectivity can markedly change the outcome of projections, 
notably in areas where the burn rate is projected to be above 1% (Boulanger et al., 
2017). 
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The occurrence of successive fires at short intervals may cause the regeneration 
failure of many tree species, contributing to a shift from a closed forest cover to an 
open woodland (Payette & Delwaide, 2018). This scenario occurs, for example, when 
young forests burn before a propagule bank—which can ensure post-disturbance 
forest recovery—has been constituted. With the projected increase in fire frequencies 
across Canada, regeneration failure may become more common in some stand types 
(Baltzer et al., 2021; Splawinski et al., 2019). 


3.1.1.2. Russia 


The annual area burned in Russia is considerably greater than that in North Amer- 
ican boreal forests. In 2020, for example, 35,134 forest fires burned 16.44 million 
ha. However, there is a strong geographic gradient with over 9096 of burned areas 
situated east of the Ural Mountains, i.e., in the Asian portion of Russia (Sofronov & 
Volokitina, 1990). In Siberia, 8396 of fires occur in eastern Siberia and the Far East, 
whereas 1746 occur in western Siberia. Western Siberia is characterized by a low- 
frequency fire regime. Variations in climate and vegetation drive these differences; 
frequent surface fires characterize the eastern part with easily flammable light conif- 
erous forests dominated by Scots pine (Pinus sylvestris L.) and Siberian larch (Larix 
gmelinii Rupr. and L. sibirica Ledeb.) (Buryak et al., 2003; Korovin, 1996), whereas 
the western region burns less intensively, consisting mostly of dark coniferous forests 
dominated by Siberian spruce (Picea obovata Ledeb.), Siberian fir (Abies sibirica 
Ledeb.), and Siberian pine (Pinus sibirica Du Tour.). Climate also imposes a latitu- 
dinal gradient within the Siberian region; for example, in Siberian larch forests, the 
mean fire return interval increases with latitude, from 80 years at 64?N to about 200 
years near the Arctic Circle and about 300 years near the northern range limit of larch 
forests (71°N) (Kharuk et al., 2016a). Among vegetation types, recently harvested 
southern boreal forests are considered as the most flammable of all Siberian forests, 
mainly because logging slash burns easily (Valendik et al., 2013). These differences 
in fire frequency are inversely related to fire severity; forest types that burn often 
are mostly subject to surface fires, characterized by low fuel loads and tree species 
adapted to survive frequent fires. However, fire severity varies greatly even within a 
given landscape type (Fig. 3.1a). Whereas surface fires are generally more common 
than crown fires, patchy crown fires can represent 5096 of the total area burned during 
severe fire seasons (Belov, 1976; Valendik & Ivanova, 2001). 

West of the Ural Mountains, in the European boreal forests of Russia, fire return 
intervals can vary among landscapes from 40 to more than 200 years, depending on 
site conditions (Melekhov, 1971; Zyabchenko, 1984), dominant tree species, land- 
forms, and bedrock (Gromtsev, 2008). The variation in natural fire regimes is driven 
by differences in superficial deposits and topography that create a landscape mosaic 
with varying flammability and fuels. Similar to the Siberian part of the boreal forest, 
pine-dominated forests burn with a higher frequency, typically as surface fires but 
occasionally as crown fires. The most fire-prone pine forests tend to burn at least 
twice per century as surface fires and three to four times per millennium as crown 
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Fig. 3.1 Varying fire severity in boreal forests. a Six years after a mixed-severity fire of ca. 4,000 ha 
in the dark coniferous forests of the Eastern Sayan Mountains, Siberia, Russia; b crown fire in the 
coniferous boreal forest of eastern Canada; c patchily burned area six years after a surface fire in the 
northern boreal primeval rocky Scots pine forest, Karelia, Russia; d burning for ecological restora- 
tion in a southern boreal Scots pine forest, Finland. Photo credits a Ilkka Vanha-Majamaa, b Société 
de Protection des foréts contre les feux (SOPFEU), c Daria Glazunova, d Erkki Oksanen/LUKE 
archive 


fires, whereas the less fire-prone pine forests burn with higher severity as crown fires, 
one to three times every 300 years (Gromtsev, 2008). Forests dominated by Norway 
spruce (Picea abies (L.) H. Karst.) burn as either intense crown fires triggered by 
severe droughts at a mean return period of once or twice per millennium or as more 
frequent but lower-severity ground fires (Gromtsev, 2008). 

Fires in Russian boreal forests are ignited by lightning strikes or by humans. In 
Siberia, the occurrence probability of lightning-ignited fires varies with the type 
of terrain (Shishikin et al., ). In European Russia, where there is a higher 
human population density and easier accessibility to the forest than in Asian Siberia, 
humans are responsible for igniting more than 65% of fires (Conard & Ivanova, 

; Shishikin et al., 2012); however, regional variation in the causes of ignition is 
great. For example, in northern larch stands, about 90% of wildfires are of natural 
origin (Ivanova & Ivanov, ), whereas in southern boreal forests, notably in the 
Khakasia region, 80% of fires are caused by campfires, the burning of logging slash 
on harvested areas, and the agricultural burning of grasses (Shishikin et al., ). 
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3.1.1.3 Norway, Sweden, and Finland 


The boreal part of Fennoscandian forests outside Russia (i.e., Norway, Sweden, and 
Finland; NSF) has a natural fire regime resembling that of the adjacent Russian 
Fennoscandia, where diverse landscape conditions result in variable fire regimes 
in terms of fire frequency, size, and severity (Engelmark, 1987; Gromtsev, 2008). 
However, the current fire regime differs significantly from that of the boreal forest 
of European Russia and from the more active fire regime of the past because of 
human influence (Pinto et al., 2020; Rolstad et al., 2017). Forest fires were previ- 
ously common in all three countries but have declined considerably in frequency 
from historical levels 150—250 years ago (Chap. 2; Rolstad et al., 2017; Wallenius, 
2011). These changes were not associated with climatic shifts (Aakala et al., 2018; 
Rolstad et al., 2017) but rather with changes in cultural practices and land tenure. The 
mechanization of firefighting and the development of a dense forest road network 
have also influenced the efficacy of the active suppression of surface fires (Wallenius, 
2011). 

The number of fires and the area burned is currently small, having declined dramat- 
ically during the twentieth century. For example, from 2007 to 2016, the average 
annually burned area was 496 ha in Finland, 842 ha in Norway, and 2,876 ha in 
Sweden, corresponding roughly to 0.002, 0.007, and 0.01% of the forested area of 
each country (San-Miguel-Ayanz et al., 2018). The area burned annually, however, 
varies considerably. A notable example is the two peak fire years in Sweden in 2014 
and 2018, during which 12,600 and 22,400 ha burned, respectively (MSB, 2020). 
Although human influence on fire ignition has declined over the last century, most 
fires are still ignited by humans. 


3.1.2 Fire and Forest Management 


Fires and forest management are linked in various ways, including fuel management 
and the use of fires to guide forest ecosystem management. Fire suppression strategies 
and forest fire policies differ markedly around the circumboreal region, as does the 
role of fires in managing forest ecosystems. 


3.1.2.1 Fire Suppression Policies and Practices 


In Canada, fire management agencies have been established in every province and 
territory. In regions where forest management licenses are active, these agencies aim 
to minimize the number of large fires and their adverse effects on people, property, 
and timber (Stocks, 2013; Stocks & Martell, 2016). With early fire detection systems 
to locate small fires, e.g., infrared satellite and aerial flyover monitoring, and the use 
of initial attack strategies to contain fires, the aim is to extinguish fires at a small 
final size (2-4 ha; Martell & Sun, 2008). Despite such fire management systems in 
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place, slightly more than 396 of fires become larger than 200 ha and are responsible 
for almost 9746 of the area burned (Hanes et al., 2019). Cardil et al. (2019) showed 
that fire suppression success is greater in regions of mixed boreal forest because of 
the presence of deciduous species that are less flammable than resinous ones, with 
82% to 92% of fires extinguished before they reach 3 ha compared with 53% to 77% 
in regions of coniferous boreal forest. Large fires occur on extreme fire-weather days 
when fuels are dry and winds favor fire spread. Since 1959, the area burned by larger 
fires has increased on average by about 350 ha per year (Hanes et al., 2019). By 
2100, the annual area burned in Canada is projected to increase by two to four times 
(Boulanger et al., 2014; Coogan et al., 2019). Such situations may overwhelm the 
capacity of fire management agencies (Wotton et al., 2010) and result in a substantial 
increase in fire management expenditures (Hope et al., 2016). 

In Russia, forest fire monitoring is based chiefly on satellite-derived information 
compiled and analyzed by the Federal Forest Service (since 2001) and on reports from 
the Federal State Agency “Central Base for aerial forest protection Avialesookhrana." 
It should be noted that up to 100 million ha of unused agricultural lands are now 
overgrown by forests in Russia. Such forests represent approximately 10% of all 
forests in Russia, although they are not officially referred to as forests (Shmatkov & 
Yaroshenko, 2018). Because these patches do not have an official forest status, fires 
within these forests are not classified as forest fires and are not officially monitored, 
with a notable exception being volunteer monitoring organized by Greenpeace. 

Regional forest fire centers and aerial forest protection offices are responsible for 
forest fire protection in Russia; however, these organizations lack resources, both 
in terms of labor and equipment. During severe fire situations, local forest orga- 
nizations—including forest companies—are obliged to participate in extinguishing 
fires. Forest fire protection in protected areas, urban forests, and military forests 
is organized respectively by the staff of protected areas, regional authorities, and 
the Russian Ministry of Emergency Situations. Responsibility for fire protection on 
former agricultural lands has not been allocated to any entity, except in cases deemed 
as “high emergency." 

Currently, fires in about 45% of Russian boreal forests are not extinguished 
because of their remoteness and often low accessibility. Regional authorities define 
these control zones without explicit, law-based principles. The proportion of fires 
left to burn without intervention by firefighters in the spring-summer of 2020 varied 
regionally and monthly, ranging between 50 and 98% of the total number of forest 
fires. 

In NSF, the detailed implementation of fire detection and suppression differs 
among the countries; however, the overall aim is to actively suppress all fires. Satellite 
detection and reconnaissance flights are used for the early detection of fires. Given 
that most forest areas are easily accessible because of the dense network of forest 
roads, fire suppression is generally efficient, which is reflected by the limited area 
that burns annually (see above). 
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3.1.2.2 Fire as a Driver for Forest Management 


At a global level, ecosystem management and habitat restoration increasingly seek 
inspiration from natural disturbances, particularly fire, to support both an economi- 
cally viable forest industry and biodiversity in managed forests. Four main descrip- 
tors of fire regime (annual burn rate, fire size, severity, and, more recently, speci- 
ficity) form the basis of ecosystem management and restoration in boreal forests 
(Gauthier et al., 2009; Koivula & Vanha-Majamaa, 2020; Lindberg et al., 2020; 
Shishikin et al. 2012). In Canada, the annual burn rate helps define management 
targets in terms of even-aged vs. uneven-aged forests within landscapes. The vari- 
ation in annual burn rates also strongly influences the amount of old-growth forest 
present in a given landscape (Bergeron et al., 2001; Weir et al., 2000), which in 
turn influences forest composition at the landscape level. Therefore, the amount of 
old-growth forest to be maintained in different boreal regions is defined on the basis 
of past fire regimes (Bouchard et al., 2015; DeLong, 2007). Fire-size distribution 
provides insights into the spatial configuration of different forest types and ages 
across the landscape (Gauthier et al., 2004; Perron et al., 2009), whereas variation in 
fire severity influences the retention strategies applied in harvested areas. 

In Russia, the mosaic of forest patches and landscapes stemming from variable 
fire return intervals and burn severities (Kharuk et al., 20162) leads to differences 
in the economic and nature conservation value of forests. Whereas emphasis has 
been traditionally placed on fire suppression, there are now calls for region-specific 
forest fire management policies. Fire policies should recognize the beneficial func- 
tions of fire for pyrophilous and deadwood-dependent species as well as its role in 
forest successional processes (Furyaev, 1996). This shift would imply replacing the 
current fire exclusion policy with a policy that allows for natural low-intensity fires 
and prescribed burning to reduce fire hazards and promote biodiversity (Davidenko 
et al., 2003; Goldammer, 2013). From a biodiversity perspective, implementing 
fire management strategies in protected areas, where actions may vary from fire 
prevention and suppression to doing nothing, is of particular importance (Kuleshova, 
2002; Shishikin et al., 2012). Regional policy guidelines for fire should be based on 
the scientific knowledge of the (1) landscape-specific fire regimes; (2) regional- 
and landscape-specific effects of fire and postfire succession on biodiversity; and 
(3) socioeconomic conditions, including human population density, road networks, 
economic factors, agricultural use of fire, and forestry activities. Depending on the 
region or landscape, different strategies can be prescribed: (1) fire prevention, e.g., 
through establishing fire breaks and education; (2) suppression, including the control, 
monitoring, and fighting of fires whenever possible; (3) localization of ignited fires; 
(4) controlled or prescribed burning; and (5) regulation of postfire successional 
processes by applying different restoration measures. Multilevel educational actions 
designed for target groups from preschool children to university students and local 
people also play an important role in fire management (Kuleshova, 2002; Shishikin 
et al., 2012). 

In NSF, there have been a few instances in which fire ecology has been used as a 
guide for developing sustainable forest management strategies; these are similar to the 
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Canadian ecosystem management approach. Perhaps the most well-known approach 
in the European context has been the ASIO model (Angelstam, 1998), which divides 
landscapes into four categories according to how frequently the forest burns under 
natural conditions: rarely (Aldrig), seldom (Sällan), infrequently (Ibland), or often 
(Ofta). In the mixed-severity fire regime, this frequency is often inversely related to 
fire intensity. The idea is that the forest management strategy applied in a given area is 
tailored according to the category in which the area is classified, emulating the stand 
age structure that would naturally occur in the area. This model has been applied 
in forest management planning by some large forest owners in Sweden (Angelstam, 
1998). In Finland, ASIO has been used in conjunction with the landscape ecological 
planning of public lands. However, its role has been small and limited primarily to 
identifying parts of the landscape that almost never burn (Karvonen et al., 2001). 
Recently, Berglund and Kuuluvainen (2021) outlined a refined version of the ASIO 
model relying on an improved understanding of how forest fires shape the boreal 
forests of NSF. 

In practical forest management in NSF, understanding fire ecology has been more 
commonly used as a silvicultural tool and for managing biodiversity rather than as 
a management template or guideline. The use of fire in silviculture was common 
after the 1950s when prescribed burning following clear-cutting was widely used 
as a regeneration tool. However, controlled prescribed burning is expensive; there- 
fore, its popularity has declined. For example, the area of annual prescribed burns in 
Finland was around 35,000 ha in the 1950s, whereas itis currently only a few hundred 
hectares (Lindberg et al., 2020). As a consequence, habitats and structures previously 
maintained by frequent fires—mostly early successional habitats with abundant lega- 
cies such as burnt wood—have greatly declined (Kontula & Raunio, 2019). These 
types of fire-dependent habitats are currently being created by the prescribed burning 
of single or groups of retention trees in clear-cut areas—used to promote biodiver- 
sity and soil preparation—and through restoration burning (Lindberg et al., 2020). 
However, despite the benefits of fire for biodiversity, the areas burned annually in 
NSF remain small relative to the past natural fire regime. 

Over the years, salvage logging of burned areas has globally gained importance 
to compensate for the impact of fire on timber availability (Nappi et al., 2004; Thorn 
et al., 2018). This practice negatively impacts the diversity of species occupying 
postfire forests, adding to the negative impacts of fire on diversity (Cobb et al., 
2011). Habitat conditions, e.g., shadiness, and associated species communities appear 
altered less by insects than by fire or windthrow, whereas subsequent salvage logging 
renders these environments similar. Moreover, salvage logging reduces forest-species 
richness more in insect-disturbed than in fire- or windthrow-disturbed forests— 
reductions to about 57% versus 70-75% from the post-disturbance level (Thorn et al., 
2020). Guidelines for retention within salvage logging areas have been proposed for 
reducing the negative impacts of such practices (Nappi et al., 2011; Thorn et al., 
2020). 
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32 Wind 


3.2.1 Susceptibility to Wind Damage 


Windthrow occurs when wind speed is strong enough to override tree-root resistance 
to uprooting or stem resistance to trunk breakage. Wind is a common disturbance in 
a variety of biomes, from boreal (Ulanova, 2000) to temperate (Canham et al., 2001; 
Fischer et al. 2013) to tropical forests (Putz et al., 1983). Wind-induced disturbances 
vary in frequency, size, and severity both between and within biomes (Everham & 
Brokaw, 1996). In different parts of the boreal forest, windthrow return intervals 
vary from decades to a few hundred or thousand years (De Grandpré et al., 2018; 
Smolonogov, 1995; Waldron et al., 2013). 

Wind damage can recur regularly at small scales and low severity or occur less 
often but at a large scale and high severity (Miller, 1985). Severe damage is asso- 
ciated with infrequent major storms and has led to significant efforts to document 
damaged areas and timber losses (Grayson, 1989; Ruel & Benoit, 1999; Valinger 
et al., 2014). Nonetheless, although less spectacular and often poorly documented, 
small-scale windthrow events can have significant consequences for forest manage- 
ment (Rollinson, 1987). In a compilation covering 29 European countries, Seidl et al. 
(2014) estimated that wind damaged 32.3 million m?-yr~! of timber during the first 
decade of the twenty-first century. 

Windthrow severity is influenced by interactions between wind speed, topographic 
and edaphic conditions, disturbance history, and the current characteristics of forest 
stands and landscapes (Everham & Brokaw, 1996; Ruel et al., 1998; Saad et al., 
2017). Shallow and poorly drained soils restrict rooting depth, which leads to lower 
tree resistance to uprooting. However, soil properties interact with tree species and 
stand attributes; for example, jack pine (Pinus banksiana Lamb.) is more resistant 
than black spruce (Picea mariana (Mill.) BSP) on relatively deep soils but not on 
shallow soils, which prevent the development of deep roots. On the other hand, black 
spruce is inherently shallow-rooted and is thus better adapted to shallow soils (Élie & 
Ruel, 2005). Old-growth Norway spruce-dominated stands on rich soils consist of 
large trees with flagged crowns and a shallow root system. Consequently, they are 
more vulnerable to windthrow than, for instance, Scots pine or birch forests that are 
more deeply rooted (Karpachevsky et al., 1999; Skvortsova et al., 1983; Ulanova, 
2000). 

The most important characteristics influencing stand vulnerability to windthrow 
are tree species composition, size, and age structure. Tree-pulling studies allow a 
quantitative comparison of species resistance to windthrow (Achim et al., 2005; 
Nicoll et al., 2006; Peltola et al., 2000). Wood properties and the presence of decay 
(notably because of Heterobasidion fungi) strongly influence the resistance of trees 
to stem breakage (Rich et al., 2007). In eastern Canada, for instance, balsam fir (Abies 
balsamea (L.) Mill) has been consistently ranked as the most windthrow-prone tree 
species in large part owing to a high level of decay (Ruel, 2000). Among European 
boreal tree species, Norway spruce is the most sensitive to uprooting, whereas aspen 
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(Populus tremula) is damaged mainly by stem breakage (Skvortsova et al., 1983). In 
primeval European boreal forests, susceptibility to windthrow decreases with tree age 
structure from even-aged to all-aged stands, increases with the proportion of decid- 
uous species, and decreases with site fertility (Fedorchuk et al., 2012; Karpachevsky 
et al., 1999; Shorohova et al., 2008). 


3.2.1.1 Windthrow Impacts 


Immediate and long-term windthrow impacts include (1) an abrupt or continuous 
change of forest structure with an increased share of broken and/or uprooted trees 
and deadwood; (2) pedoturbation (soil-mixing) with the creation of pit-and-mound 
systems (Fig. 3.2); (3) a change in microclimate; and (4) a change in stand vulnera- 
bility to subsequent disturbances (Chap. 4; Fischer et al., 2013; Samonil et al., 2010; 
Schaetzl et al., 1989; Skvortsova et al., 1983; Ulanova, 2000). In old-growth forests, 
pit-and-mound systems may cover an area of up to 90% and remain visible for up 
to 200—500 years. In high-severity windthrow, environmental conditions, notably 
light availability and soil moisture, are strongly modified, and water balance can 
even change across the entire landscape (Karpachevsky et al., 1999). At the land- 
scape scale, low- or moderate-severity windthrow results in a scattered pattern tree 
mortality of various modes (uprooting, stem breakage, or the formation of snags) 
(Fig. 3.3), a complex fine-scale mosaic of living and dead trees, and windthrow gaps 
that vary from 0.05 ha to a few hectares in size and have a variable pit-and-mound 
topography (Fedorchuk et al., 2012; Schaetzl et al., 1989; Shorohova et al. 2008; 
Skvortsova et al., 1983). 

Spatial patterns of wind-induced tree mortality lead to multiple post-windthrow 
successional pathways in forest ecosystems, depending on the interplay between 
windthrow severity and stand attributes, including tree age structure, tree species 
composition, and site productivity (Meigs et al., 2017). Biotic and abiotic factors 
influence the succession of post-windthrow regeneration (Fischer et al., 2013; Girard 
et al., 2014; Ulanova, 2000). Coniferous tree species successfully regenerate where 
less than 60% of trees die in a stand (Petukhov & Nemchinova, 2015) and the surface 
area of windthrow pits covers less than 15% (Ulanova & Cherednichenko, 2012). 


3.2.2 Wind and Forest Ecosystem Management 


Windthrow generates timber loss due to falls and wounds on trees, and windthrow 
often results in subsequent biotic disturbances, such as bark beetle outbreaks or fungal 
infestations. In mountain regions, windthrow may increase the risk of avalanche 
and rockfall and consequently threaten human settlement and infrastructure (Schó- 
nenberger et al., 2005). Although extended rotation and partial cutting are impor- 
tant ecosystem management strategies (Bélisle et al., 2011; Montoro Girona et al., 
2016), increasing rotation length can lead to more windthrow. Thus, wind damage 
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Fig. 3.2 Pit-and-mound complexes at a 20 to 30 years, b 50 to 60 years, c more than 100 years 
post-windthrow in southern boreal forests. Modified from (Ulanova, 2000) with permission from 
Elsevier. Photo credits a Aleksandr Gladyshev, b Ilkka Vanha-Majamaa, c Anna Ruokolainen 
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Fig. 3.3 Diverse coarse woody debris after a patchy windthrow in a primeval forest in the Vepssky 
Reserve, Russia. Photo credit Alexandr Korepin 


tends to increase with tree age because of the increased tree height and incidence of 
decay (Ruel, 1995), posing a constraint when applying extended rotations to short- 
lived species. Increasing intertree spacing through partial cutting heightens the wind 
load on trees (Gardiner et al., 1997). There are many examples of increased wind 
damage after partial cutting (Chap. 16; Becquey & Riou-Nivert, 1987; Cremer et al., 
1982; Montoro Girona et al., 2019; Ruel & Gardiner, 2019). Windthrow losses can, 
however, be minimized through windthrow-hazard evaluation tools, including deci- 
sion keys, empirical models, or hybrid/mechanistic models (Gardiner et al., 2008). 
In recent decades, progress has been made in developing such tools, especially in 
the modeling of complex stands (Gardiner et al., 2008; Hale et al., 2012). 

In post-disturbance situations, forest management strategies include (1) allowing 
natural successional development; (2) salvage logging followed by natural regen- 
eration; and (3) salvage logging with subsequent soil preparation and tree planting 
(Brang et al., 2004; Fischer & Fischer, 2012; Fischer et al., 2002; Lässig & Mocalov, 
2000; Moëalov & Lässig, 2002; Schónenberger, 2002; Soukhovolsky et al., 2012). A 
study from a Bavarian national park in Germany, comparing successional dynamics 
after windfall on permanent plots, demonstrated that salvage logging triggers natural 
secondary succession through intermediate phases having a dominance of birch or 
aspen (Fischer et al., 2002). The costliest silvicultural treatments allow for the regen- 
eration of mixed conifer-deciduous forests, although without predisturbance natural 
mosaics (Fischer & Fischer, 2012; Lássig & Moëalov, 2000). In mountain forests, 
"doing nothing" may ensure natural protection against snow avalanches and rockfall 
(Schónenberger et al., 2005). 
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The natural landscape-specific regime of wind disturbance can be considered as a 
basis, or a reference, for ecosystem-based forest management and ecological restora- 
tion. In landscapes dominated by small- and medium-scale windthrow, gap felling 
or variable retention felling can be recommended (Koivula et al., 2014). If salvage 
logging must be used for some economic or public safety reasons, post-windthrow 
attributes of known ecological importance, such as deadwood, living trees, and micro- 
topography, should be retained within salvaged cutblocks, with some proportion of 
windthrow exempted from logging operations (Thorn et al., 2020; Waldron et al., 
2013). Mimicking partial windthrows in wind-prone forests by conducting partial 
cuts can increase the likelihood of subsequent wind damage. However, a widely 
shared opinion among foresters in Finland is that damage risks are generally higher 
in even-aged than in uneven-aged management regimes, with the notable exception 
of root-rot infestations in Norway spruce forests (Nevalainen, 2017). 

An additional challenge in incorporating wind disturbance into forest management 
is related to alterations of future disturbance regimes. Storms characterized by high 
wind speeds are more common in autumn and early winter in northern Europe and 
eastern Canada, periods where the frozen topsoil “anchors” trees in the ground, 
thereby decreasing the chances of treefall. Because of climate warming, however, 
periods of unfrozen soil are predicted to lengthen, resulting in a poorer anchoring of 
trees in a season of severe winds. Moreover, the frequency of autumn or early-winter 
windstorms may increase; thus, windstorm-caused timber damage could become 
more common and widespread (Gregow et al., 2011; Saad et al., 2017). Indeed, in 
Europe, the level of damage by wind, reported by Seidl et al. (2014) for the first decade 
of the twenty-first century, increased 140% compared with wind damage between 
1971 and 1981. Between 1950 and 2000, more than 50% of natural tree mortality 
in Europe was due to windthrow, whereas biotic factors were responsible for 16% 
(Schelhaas et al., 2003). Although biotic factors appear relatively minor from this 
perspective, they can be locally devastating (Hlásny et al., 2019). These percentages 
are likely to change in the near future, however, as windthrow, drought, and insect 
outbreaks are predicted to increase, particularly for the boreal region (Seidl et al., 
2020). 


3.3 Insects 


3.3.1 Insect Outbreaks and Their Characteristics 


Forest insect outbreaks occur in all major forest ecosystems throughout the world but 
cause the most damage in high-latitude forests. Unlike fire and wind disturbances, 
insects are often specific in nature, such that only a limited number of host-tree 
species—usually a single genus or family—are affected (Bentz et al., 2020). This 
specificity also implies that certain attributes (frequency, size, severity) used to char- 
acterize fire regimes do not apply directly to insects (De Grandpré et al., 2018). For 
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example, although insect outbreaks may affect a larger total area than fire or wind- 
storm, being specific to certain host-tree species, qualities, and sizes, these events 
lead to partial mortality except in pure host-species stands (Raffa et al., 2015). Thus, 
the losses of timber volume may be less than after windthrow or fire (Kneeshaw 
et al., 2015). 

Contrary to wildfire, the return interval (the inverse of frequency) for insect 
outbreaks is usually calculated on the basis of insect population dynamics rather than 
the time required to affect a given area. Spruce budworm (Choristoneura fumiferana) 
outbreaks in eastern Canada occur every 30 to 40 years (Jardon et al., 2003; Morin 
et al., 2009; Navarro et al., 2018), a return interval similar to that of the mountain pine 
beetle (Dendroctonus ponderosae) (Alfaro et al., 2010). For insect species usually 
affecting only small areas, population return intervals are rarely calculated. Exam- 
ples of such species include the European spruce bark beetle (Ips typographus), the 
gypsy moth (Lymantria dispar), and the oak processionary moth (Thaumetopoea 
processionea) (Bentz et al., 2020). 

The severity of an insect outbreak can be expressed as the number or proportion 
of infected trees. Aerial surveys of areas affected by the spruce budworm give stand- 
level severity estimates based on annual defoliation. In Québec, these classes are 0— 
33% (light), 34-66% (moderate), and 67—100% (severe) (MFFP, 2019). If defoliation 
is less than 33%, tree growth is minimally affected (Chen et al., 2017). As the 
spruce budworm only eats current year (new) foliage and trees carry five to seven 
years of foliage, multiple subsequent years of infestation are required for the spruce 
budworm to kill a tree (Lavoie et al., 2021). For example, removing all foliage on 
a tree requires five years of 10096 defoliation of new foliage, although a tree may 
die before the cumulative defoliation reaches 50096. This rule of thumb is useful 
for translating defoliation into mortality. Severity has also been measured through 
dendrochronological records by inspecting reductions in tree growth rings (Robert 
et al., 2018; Thomas et al., 2002). 

Tree mortality is another useful indicator of outbreak severity. In mild outbreaks, 
only growth reduction may occur, whereas severe outbreaks result in detectable tree 
mortality. There is no accepted standard of the level of mortality required for an 
outbreak to be considered severe. The mountain pine beetle, for example, feeds on 
the phloem of living trees but can only successfully reproduce if it kills the tree and 
eliminates its defenses (Safranyik et al., 2010). In contrast, many other insect species 
can reach high population numbers (and thus outbreak conditions) while primarily 
affecting only tree growth. The forest tent caterpillar (Malacosoma disstria), the jack 
pine budworm (Choristoneura pinus), and the oak processionary moth, for example, 
rarely directly kill their host trees (Man & Rice, 2010; Sands, 2017). Thus, outbreaks 
causing any mortality may be considered severe for these species (Cooke et al., 2012). 

Given the host specificity of herbivorous insects and their feeding preferences 
(defoliation of some or all leaves versus feeding on phloem or xylem), insects cause 
various forms of damage to trees. Hence, forest management based on the emula- 
tion of tree structure and microclimatic conditions resulting from insect disturbances 
must focus on parameters other than the impacted area or return interval. For the 
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spruce budworm, Baskerville (1975) suggested that the insect acts as a super silvi- 
culturist in releasing advance, i.e., pre-established, regeneration. Bouchard et al. 
(2006), Kneeshaw and Bergeron (1998), Reinikainen et al. (2012), and Burton et al. 
(2015) showed that outbreaks of defoliators are essential for maintaining the struc- 
tural diversity of forests. Other authors have also evaluated the influence of insects 
on tree regeneration and, therefore, the future composition of forests within various 
site types. The mountain pine beetle, for instance, can act as an agent that removes 
and kills large older lodgepole pine (Pinus contorta Douglas ex Loudon) and, in 
turn, releases space and resources for the smaller stems of lodgepole pine or favor 
the recruitment of other tree species (Kayes & Tinker, 2012). 


3.3.2 Forest Ecosystem Management and Insect Outbreaks 


Lessons from insect outbreaks suggest that if forest management aims to emulate 
tree structures resulting from these outbreaks, forest managers should avoid monocul- 
tures and even-tree-size stands and favor tree diversity. These features would benefit 
wildlife diversity and decrease the likelihood of future outbreaks, as suitable host 
trees for these specialists would be less abundant. Koivula et al. (2014) suggest that 
partial cutting could emulate insect disturbances as most insect disturbances cause 
only partial mortality. Currently, forest managers preferentially harvest the most 
valuable companion tree species at maturity (Blais, 1983; Kneeshaw et al., 2021; 
Sonntag, 2016). Recent work suggests that insects tend to attack large contiguous 
blocks of host-tree species with greater synchrony and severity; therefore, breaking 
up such large blocks may be an effective pest management strategy at the land- 
scape scale (Robert et al., 2012, 2018, 2020). As the ranges of many insects are 
currently expanding, managers should be aware that large blocks of monocultures 
should be eliminated or reduced to avoid increasing forest vulnerability to outbreaks 
(Kneeshaw et al., 2021). 

Climate change may affect the population dynamics of different insect species, 
alter outbreak frequencies, and facilitate range shifts to more northern latitudes and 
higher elevations. Range expansions of forest insect pests may lead to widespread 
mortality of trees within the insect's new range. However, they may also be associated 
with contractions in other parts of the range (Régniére et al., 2012). Insect population 
density is regulated by density-dependent and density-independent factors, such as 
weather conditions and forest ecosystem characteristics (Isaev et al., 2017). Increases 
in temperature, especially in winter months, and drier conditions may contribute to 
increases in bark beetle populations and the ability of these beetles to overcome the 
defense mechanisms of trees (Raffa et al., 2015; Romashkin et al., 2020). Droughts 
have also been implicated by stressing trees and rendering them more vulnerable to 
bark beetle attacks, as has been observed for European spruce bark beetle outbreaks 
(Maslov, 2010). However, drought effects on defoliators remain equivocal (Itter et al., 
2019; Kolb et al., 2016). Recent reviews have attempted to predict the effects of 
climate change on future insect outbreaks (Jactel et al., 2012; Kolb et al., 2016; 
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Pureswaran et al., 2018). These studies indicate that, despite expectations of greater 
outbreaks, responses are complex, and positive and negative feedback will probably 
occur (Haynes et al., 2014). In other words, some outbreaking insects may cause more 
damage whereas others will cause less, and this—combined with range contractions 
and expansions—adds much uncertainty to projections of future insect influence on 
forests. 


3.4 Pathogens 


Many pathogens influence trees by reducing tree growth and vitality (Hicke et al., 
2012) by acting as predisposing agents to a number of other disturbances. Several 
pathogen species also kill trees directly. Because of its harsh climate, the boreal 
zone has previously been beyond the distribution of many pathogens. Consequently, 
their role in the disturbance regimes of natural forests has been overlooked. Certain 
species of fungi may play a significant role in the dynamics of old-growth forests in 
northern Fennoscandia (Lännenpää et al., 2008) in causing the small-scale mortality 
of individual trees or small groups of trees. Hence, at the landscape scale, pathogens 
occur frequently, but their impacts are of low severity and spatially scattered. 

Many pathogen species are strictly host specific (Zhou & Hyde, 2001). Partly 
because of this host specificity, their role in intensively managed, monospe- 
cific, and structurally homogeneous forests appears greater than in natural forests 
(Storozhenko, 2001). However, trees in continuous-cover forest management appear 
to suffer from Heterobasidion infestations to a greater degree than those growing in 
standard even-aged management because of logging-caused damage to retained trees 
(Piri & Valkonen, 2013) and difficult root and stump removal. Fungi of the genera 
Heterobasidion and Armillaria are considered particularly problematic for forestry 
in the boreal zone (Garbelotto & Gonthier, 2013); as they spread through roots, trees 
in the next generation are easily infected. 

The most aggressive fungal pathogen causing root rot in naturally regenerated 
coniferous boreal forests is Armillaria borealis Marx. & Korh. (Pavlov, 2015). Soil 
conditions determine the activity of and disturbance severity caused by Armillaria 
and Heterobasidion spp. (Fig. 3.4; Pavlov, 2015). 

In European Russia, the bacterial dropsy diseases on birch (Betula spp.) and conif- 
erous tree species, caused by Erwinia multivora Scz.-Parf., have increased during 
the last decades (Voronin, 2018). These bacterial diseases are triggered by drought 
and anomalous thaw events, causing fungal outbreaks in Siberian fir and pine forests 
(Voronin, 2018). 

Climate is an important driver of disease outbreaks, influencing the distur- 
bance agent directly or indirectly through host susceptibility (Sturrock et al., 2011). 
Changing climate may generate conditions favorable to pathogens by extending 
periods of growth and reproduction or causing phenological changes that may result 
in a greater overlap of host susceptibility and pathogen aggressiveness. Heteroba- 
sidion and Phytophtora species are expected to benefit from a warming climate 
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Fig.3.4 Effects of drought and soil conditions on the resilience of Siberian fir trees against the 
pathogenic fungus Armillaria mellea s.l. Redrawn by permission from Springer Nature from Pavlov 
(2015). Photo credit Ilkka Vanha-Majamaa 


(Pavlov, 2015). Similarly, the widespread Armillaria has the potential to increase 
in significance in boreal forests (Dempster, 2017). Like insects, pathogens are also 
candidates for invasive spread through human influence (Dukes et al., 2009). 


3.5 Drought-induced Forest Decline 


Whereas past disturbance studies have rarely considered drought, it is now recog- 
nized as a potent disturbance agent that can reduce tree growth (Itter et al., 2019), 
increase the vulnerability of trees to defoliation (Cooke & Roland, 2007), and drive 
tree mortality (De Grandpré et al., 2019). Mechanisms of drought-induced mortality 
include hydraulic failure, xylem embolism, and increased vulnerability to biotic 
disturbance agents, such as insects, fungi, and bacteria (Anderegg et al., 2013; 
Kharuk et al., 2016b; Voronin, 2018). Repeated drought events can weaken trees and 
decrease their resilience to subsequent drought events and secondary disturbance 
agents (DeSoto et al., 2020; Haynes et al., 2014; Pavlov, 2015). 

Cases of drought-induced disturbances of varying severity have been reported 
across the boreal region (Chaps. 11 and 30; Michaelian et al., 2011; Pavlov, 2015; 
Zamolodchikov, 2012). In boreal forests, patchy drought-induced mortality is typical, 
especially in spruce-dominated primeval forests (Aakala & Kuuluvainen, 2011; 
Khakimulina et al., 2016) (Fig. 3.5). Similar patterns of decline and mortality of 
the “dark conifers” Abies sibirica and Pinus sibirica have been recorded in the 
southern Siberian Mountains and Baikal Mountains (Kharuk et al., 20132). Birch 
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mortality, caused by prolonged drought, has been documented within the Trans- 
Baikal forest-steppe (Kharuk et al., 2013b). Notably, all reported cases of mortality 
of "dark conifers" in Russia have coincided with drought episodes, often accom- 
panied by insect outbreaks (Kharuk et al., 2016b). However, interactions between 
drought and insect outbreaks are complex, especially for defoliating insects. Haynes 
et al. (2014) showed that outbreaks of only one of five forest insect pests in Germany 
were influenced by drought over the past centuries. Similarly, in North America, Itter 
et al. (2019) could not find an interaction between the growth reductions caused by 
two different defoliators and drought. On the other hand, De Grandpré et al. (2019) 
suggested that drought preceded spruce budworm-caused mortality. Another study 
indicates that bark beetles respond directly to climate change, whereas the evidence 
for defoliators is equivocal (Kolb et al., 2016). In addition to stressing host trees, 
drought can impact the insect itself. Thus, the effect of climate change on future 
insect outbreaks is difficult to predict. Outbreaks could become more severe if the 
trees are more negatively affected than the insect pests, or outbreaks could decrease in 
amplitude and severity if insects are more negatively affected than trees (Pureswaran 
et al., 2018). 

From a forest management perspective, species response to drought is a key issue. 
In European boreal forests, the shallow-rooted overstory Norway spruce, which 
suffers from drought events over large spatial scales, is predicted to be strongly 
affected in the future (Kharuk et al., 2016b). In North America, jack pine is consid- 
ered one of the least vulnerable tree species to drought (Peng et al., 2011). An inclu- 
sion of drought-resistant trees in forest management has been proposed as a strategy 
to mitigate the impacts of drought on forest productivity. However, before advo- 
cating large-scale switches from drought-sensitive to drought-tolerant species, it is 


Fig.3.5 Patchy drought-induced mortality of Norway spruce trees in a primeval forest of the 
Vepssky Forest Reserve, Russia. Photo credit Aleksandr Korepin 
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necessary to point out the complexity of these relationships. Aubin et al. (2018) used 
traits to identify drought-resistant trees in western Canada and classified trembling 
aspen (Populus tremuloides Michx.) as being highly sensitive to drought, whereas 
in eastern Canada, trembling aspen is considered one of the most drought-tolerant 
species (D'Orangeville et al., 2018; Héon-Grenier, 2020). Moreover, D'Orangeville 
et al. (2018) showed that although species differ in drought sensitivity, the marked 
intraspecific variability in this respect underlines the overriding effect of site. The 
severity of drought and other disturbances is also related to elevation, terrain topog- 
raphy, slope steepness, and aspect (Kharuk et al., 2013a). Even the least vulnerable 
trees will experience high rates of growth loss and mortality following drought if 
they are growing on shallow soils. 

Deep snowpacks in boreal forests ensure that soil water is recharged annually; 
thus, cumulative soil moisture deficits may be limited and, consequently, minimize 
the effects of drought on boreal trees (Oogathoo et al., 2020; Léger-Beaulieu et al. 
In-Review). The timing of dry conditions during a season is also an essential factor 
to consider. D'Orangeville et al. (2016) have shown that spring droughts can benefit 
boreal soils subject to cold and wet conditions, whereas summer droughts can have 
more negative effects. Sánchez-Pinillos et al. (2022) also show that subsequent low- 
severity droughts can cause greater mortality than severe droughts. 

Drought has been an increasingly common phenomenon over recent decades and 
is projected to be even more frequent and severe in the future. However, its effects 
are complex, especially its interactions with other disturbances. As tempting as it 
is to identify and favor drought-resistant species, site factors should be the primary 
consideration when predicting future impacts. Thus, from a management perspective, 
foresters should learn from forest vulnerability to drought. In particular, species and 
site conditions should be considered in silvicultural decisions, as certain sites may 
be at high risk of drought and should not be managed for timber production. 


3.6 Snow and Ice 


Snow and ice are often included in the list of typical disturbance agents of the 
boreal forest, but their effects have rarely been quantified. Ice storms are a major 
meteorological hazard in midlatitude regions (Cheng et al., 2007). They occur when 
freezing rain accumulates on trees, and the weight of the accumulated ice breaks 
the branches and stems. This can cause widespread damage in temperate forests, but 
these events are less common in boreal forests. Nonetheless, Markham et al. (2019) 
documented such an event in jack pine forests in Manitoba, where over 2,000 km? 
were damaged by ice in 2010. Similar events have been recorded in Manitoba in 
1930 and 1958, showing that ice storms are also a potentially important disturbance 
agent in parts of the boreal zone. 

The impacts of snow and ice on trees and forests resemble those of windstorms 
(Peltola et al., 1999; see also Sect. 3.2) in that they mechanically cause tree boles and 
branches to break. The breaking can also occur in interaction with high winds that 
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exert further forces on the stem. Atthe tree level, tree architecture and wood properties 
play arole. Ice storms and snow do not usually kill all trees in a stand (Markham et al., 
2019), but they may change species composition, size structure, and stand spatial 
structure (Jalkanen & Konocpka, 2007; Nykänen et al., 1997). The accumulation of 
snow and ice and the resulting damage on trees across spatial scales from stands to 
regions depend on weather, e.g., cold and warm fronts, precipitation, air temperature, 
wind speed and direction, and locality, e.g., continentality, topography, altitude, and 
water table height (Barry & Chorley, 2010). 

With changing climate, snow damage patterns are predicted to change 
(Kilpeläinen et al., 2010). As climate change brings about more extreme weather 
events and warmer conditions in the early winter and spring, the occurrence of ice 
storms is also likely to increase in the North American boreal forest (Cheng et al., 
2007). 


3.7 Concluding Remarks 


Temporal and spatial descriptors of all disturbance types in the boreal forest vary in 
time and space and are thus difficult to emulate, predict, and control in an ecosystem 
management framework. The relative importance of different disturbance agents 
and the variability of current and future disturbance regimes within the boreal region 
require developing programs for ecosystem management and ecological restoration 
at a regional level. Decades of research have shown that the landscape scale should 
be better considered in ecosystem management (Patry et al., 2017). For instance, 
the current level of harvesting may, at least locally, be close to (or even beyond) 
the capacity of the system to cope with the combined effects of fire and harvesting, 
let alone climate alterations. Future climatic conditions are projected to become more 
conducive to several disturbance types, including fire, windthrow, insect outbreaks, 
and drought. Hence, maintaining the current level of harvesting in the future may 
be challenging (Boucher et al., 2018; Gauthier et al., 2015a). Assessments of the 
implementation of ecosystem management approaches are crucial in mitigating the 
future impacts of increasing disturbance frequency on forest ecosystems. 

Partial harvesting, especially with the retention of deadwood and habitat trees 
(exceptionally large, usually scattered, individual trees in a stand), can maintain 
structural forest features similar to stands affected by insects or windstorms, and these 
features are crucial for hundreds of threatened forest species (Gustafsson et al., 2020; 
Kneeshaw etal., 2011; Koivula & Vanha-Majamaa, 2020). Descriptors of severity and 
specificity may provide a template for developing policies for maintaining biological 
legacies in post-harvest and salvage-logged forests (De Grandpré et al., 2018; Nappi 
et al., 2011). 

Episodic disturbances may foster ecosystem adaptations to the effects of ongoing 
and future climatic change by increasing structural diversity with cascading positive 
effects on biodiversity, edaphic conditions, biogeochemical cycles, and increased 
heterogeneity across various spatial scales. Allowing some forests to be shaped by 
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natural processes may be congruent with multiple goals of forest management, even 
in densely settled and developed countries (Kulakowski et al., 2017). Emulating 
natural disturbances and successional dynamics at landscape and regional scales 
should be used to maintain the natural variability in old-growth attributes over time 
(Shorohova et al., 2011). 

Addressing all forest ecosystem services calls for developing regional strategies 
to integrate disturbances into ecosystem management, with actions varying from 
prevention, control, and post-disturbance management to passive "rewilding" to the 
active emulation of disturbances. These actions have the combined goal of restoring 
ecosystem resilience by maintaining tree stand composition, age-class distribution, 
and natural-like structures. 
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Selected Examples of Interactions get 
Between Natural Disturbances 


Jean-Claude Ruel, Beat Wermelinger, Sylvie Gauthier, Philip J. Burton, 
Kaysandra Waldron, and Ekaterina Shorohova 


Abstract Understanding natural disturbance regimes and their impacts is crucial in 
designing ecosystem management strategies. However, disturbances do not always 
occur in isolation; the occurrence of one disturbance influences the likelihood or 
the effect of another. In this chapter, we illustrate the importance of disturbance 
interactions by focusing on a subset of interactions present in different parts of the 
boreal forest. The selected interactions include insects and wind, insects and fire, and 
wind and fire. The potential consequences of climate change on these interactions 
are also discussed. 
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4.1 Introduction 


A forest ecosystem management approach that mimics natural forest dynamics 
requires a solid understanding of natural disturbance regimes. The previous chapters 
(Chaps. 2 and 3) have provided information on disturbance regimes and how climate 
change influences them. However, disturbances do not always act in isolation but 
often interact (Buma, 2015; De Grandpré et al., 2018). Some disturbances such as 
insect outbreaks and windstorms increase the raw material (food or fuel) upon which 
other disturbances can build and consequently augment their importance. Conversely, 
certain events such as fires and landslides remove or reduce the available biotic mate- 
rial on which subsequent disturbances can act, thus decreasing the occurrence of 
future disturbances. The marked heterogeneity of disturbances and general patterns 
generated by interacting disturbances can lead to complex disturbance regimes and 
landscapes (Cannon et al., 2019; Sturtevant & Fortin, 2021). 

Interactions can take two major forms: (1) the occurrence of one disturbance 
influences the likelihood and impact of a second event, and (2) a disturbance influ- 
ences the capacity of the ecosystem to recover from a previous event (Buma, 2015). 
Both forms may occur simultaneously. Infrequent, large disturbances would normally 
produce minimal long-term change, so long as they remain within the natural range 
of variability for disturbance frequency and severity (Kulha et al., 2020). Compound 
disturbances that occur within the period where the ecosystem is recovering from 
the initial disturbance may lead, however, to the long-term alteration of communities 
(Jasinski & Payette, 2005; Paine et al., 1998; Splawinski et al., 2019). Ecosystem 
recovery can also be compromised when a disturbance occurs in a community already 
affected by a chronic stress, e.g., drought, a situation that may become more common 
in the context of climate change (Jactel et al., 2012). However, there are also cases 
where a disturbance may reduce the probability, intensity, or severity of subsequent 
disturbances (Cannon et al., 2019). The amplifying or buffering nature of these 
interactions can even vary with the particular response variable (Cannon et al., 2019). 

To assess disturbance interactions, we must discuss both the implicated mecha- 
nisms and their respective impacts on the ecosystem. Different forms of disturbance 
can affect various ecosystem components, and we require a means of describing these 
effects. Buma (2015) has suggested focusing on the legacies from each disturbance 
and the mechanisms involved. Traditionally, the amount of canopy removed has been 
used to describe disturbance severity in forests; however, Roberts (2007) suggested 
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that this measure is insufficient by itself to fully describe the impact of forest distur- 
bances. This is particularly relevant when considering disturbance interactions. As 
an alternative, Roberts (2007) suggested describing disturbance severity along three 
axes: (1) percentage of canopy removed, (2) percentage of understory removed, and 
(3) percentage of forest floor and soil removed or disrupted. 

In this chapter, we illustrate specific regional interactions between the main natural 
disturbances of the boreal forest and discuss the potential effects of global change on 
these interactions. We recognize that we do not touch upon all possible interactions 
andregions; however, we believe that focusing on these selected cases can help design 
future ecosystem management strategies. Finally, we highlight some knowledge gaps 
and their associated research needs. 


4.2 Windthrow and Insects 


Interactions between windthrow and insects are common in the boreal forest biome. 
The implicated tree and insect species vary geographically, as does the nature of 
the interactions. Windthrow and insect disturbances can interact in two different 
manners. Insect damage can open the stand, exposing trees to higher wind speeds 
(Gardiner et al., 1997) and making them more susceptible to windthrow. Exam- 
ples of this type of interaction include infestations of the spruce budworm (Choris- 
toneura fumiferana Clemens) in northeastern North America and the mountain pine 
beetle (Dendroctonus ponderosae Hopkins) in western North America. Nonetheless, 
windthrow and insects can also interact in a reverse manner. Windthrow can generate 
an ample supply of breeding material, supporting a population increase of some bark 
beetle species, which can then switch to attack living trees (e.g., HavaSova et al., 
2017). 


4.2.1  Windthrow and Defoliators 


In the absence of fire, windthrow and outbreaks of spruce budworm represent the main 
disturbances in the boreal forest of eastern Canada. Three major spruce budworm 
outbreaks occurred during the twentieth century (Navarro et al., 2018), mostly 
affecting forests dominated by balsam fir (Abies balsamea (L.) Mill.). Vulnerability 
to spruce budworm-related defoliation differs among tree species, balsam fir being 
the most vulnerable, followed by white spruce (Picea glauca (Moench) Voss), red 
spruce (Picea rubens Sarg.), and black spruce (Picea mariana (Mill.) BSP). Pines 
and hardwoods are unaffected. 

Windthrow is a common feature of the Canadian boreal forest. Although the 
return period of total windthrow may exceed 4,000 years (Bouchard et al., 2009; 
Waldron et al., 2013), partial windthrow can be more frequent (Waldron et al., 2013). 
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Windthrow occurrence varies with wind exposure as well as soil and stand charac- 
teristics (Ruel, 1995, 2000). Vulnerability also depends on species, stem taper, and 
rooting depth. Balsam fir, which is the most vulnerable tree species to the spruce 
budworm, is also one of the species most vulnerable to windthrow in eastern Canada. 

Defoliating insect outbreaks of intermediate severity or outbreaks occurring 
in mixed-species stands typically cause partial canopy mortality. Because of the 
increased tree spacing resulting from this partial mortality, wind load on residual 
trees is increased, potentially leading to windthrow (Girard et al., 2014; Morin, 
1990). Spruce budworm-related defoliation can also lead to a reduction of the fine 
root biomass of surviving trees (Morin, 1990). This reduced size of the root system 
affects a tree's resistance to overturning. Taylor and MacLean (2009) documented 
an increase in wind-driven mortality 11 to 25 years after a spruce budworm-related 
defoliation. In mixedwood stands, hardwoods surviving a spruce budworm outbreak 
are also more wind resistant, thereby limiting the potential for disturbance interac- 
tions. In their study of Newfoundland forests that had previously been attacked by 
hemlock looper (Lambdina fiscellaria Guenée), Arsenault et al. (2016) reported a 
greater incidence of mappable windthrow patches. In both cases, the increased expo- 
sure of surviving trees after widespread insect-caused defoliation provoked elevated 
levels of windthrow. 

Spruce budworm has a major but variable effect on the main forest canopy and 
generally a minor effect on the understory, although advance regeneration may be 
somewhat affected (Nie et al., 2018). The impact on the forest floor is, however, 
generally negligible. Because balsam fir is more vulnerable than other species, this 
perturbation can reduce the proportion of this species in the canopy over the short 
term; however, as a shade-tolerant species having relatively few seedbed require- 
ments, balsam fir generally dominates the advance regeneration in mixed coniferous 
stands. Hence, the impact of the spruce budworm on the longer-term tree species 
composition tends to be minor (Girard et al., 2014). 

When spruce budworm damage does lead to windthrow, the additional conse- 
quences on the understory layer tend to be limited (Girard et al., 2014); however, 
substantial changes occur on the forest floor. The creation of a pit and mound micro- 
topography by windthrow disrupts the herbaceous layer and exposes mineral soil 
or mixtures of mineral soil and organic material. This microtopography contributes 
to an increased post-disturbance seedbed heterogeneity, which can improve seedling 
establishment and increase plant species richness (Ulanova, 2000). Given the aggres- 
siveness of balsam fir regeneration, however, balsam fir typically remains the main 
tree species and may even increase its relative abundance (Fig. 4.1; Girard et al., 
2014; Morin, 1990). The effect may differ within stands that have yet to reach the 
understory reinitiation stage (sensu Oliver, 1980). In these latter stands, the seedling 
bank is not yet developed, and the insect can reduce the production of seeds, thereby 
compromising new seedling establishment (Cóté & Bélanger, 1991). 

Climate change may modify the phenology of both the tree host and the insect. 
This modification could lead to the expansion of the insect's range and increase 
damage severity (Pureswaran et al., 2015). Climate warming is expected to reduce 
the period when soils are frozen in most regions of eastern Canada. Although there 
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Fig. 4.1 Stand originating from the combined action of spruce budworm and windthrow in eastern 
Québec, Canada. Photo credit Frangois Girard 


is as of yet no clear evidence of an increased occurrence of strong wind events 
in the boreal forest, budworm-impacted stands may become more exposed to the 
strong winds that typically occur in late fall, without benefiting from the increased 
resistance to overturning provided by a frozen soil and snowpack (Saad et al., 2017). 
This interaction could become more important in the future because of the possible 
extension of the area vulnerable to outbreaks. This frozen soil-windthrow-insect 
interaction could therefore become a significant issue in the parts of eastern Canada, 
where a low occurrence of fires and an associated abundance of uneven-aged stands 
would see an increased use of partial cuttings, further heightening the vulnerability 
of these stands to windthrow (Anyomi & Ruel, 2015). 


4.2.20 Windthrow and Bark Beetles 


Mass outbreaks of bark beetles are natural events, particularly in the long-term 
dynamics of coniferous forests. Bentz et al. (2010) identified 14 species of bark 
beetles that have the potential to cause landscape-level mortality of trees making 
up western North American forests. In European forests, 8% of all forest damage 
is caused by bark beetles (Schelhaas et al., 2003). The most destructive species in 
Europe is the spruce bark beetle (Ips typographus (L.)) (Wermelinger, 2004). This 
beetle almost exclusively colonizes Norway spruce trees (Picea abies (L.) Karst.). 
In central Europe, generally two generations of spruce bark beetle develop per year, 
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whereas in Fennoscandia and at elevations above approximately 1,500 m asl, only 
one generation per year develops. 

During its latency phase at normal population levels, the spruce bark beetle 
develops at low densities under the bark of dead trunks or stumps. Because of poor 
phloem quality, interspecific competition with other bark dwellers, and mortality 
imposed by natural enemies, bark beetle populations remain low (Raffa et al., 2008). 
Under these conditions, healthy conifers are generally not colonized because the trees 
can physically and chemically defend themselves against these attacking insects by 
releasing resins containing toxic terpenoid compounds (Krokene, 2015). 

However, windthrow in a spruce-dominated forest changes the situation for the 
spruce bark beetle. The fallen trees offer an ample supply of fresh, poorly defended 
bark, easily colonized by adult beetles (Eriksson et al., 2005). The still-soft and 
nutrient-rich phloem of the windthrown trees provides a high-quality substrate for 
the development of the bark beetle offspring. The beetles quickly propagate in the 
windthrown timber, and their population levels increase. However, at higher latitudes 
and under endemic conditions, small windthrow patches may produce too few bark 
beetles to allow the subsequent attack of adjacent living trees (Eriksson et al., 2007). 
Depending on local conditions, the phloem of windthrown trees becomes desiccated 
after one to three years and thereafter unsuitable for further colonization (Dodds 
et al., 2019; Wermelinger, 2004). 

When the spruce bark beetle attains very high population levels, it attacks living 
trees. The beetles initially target nearby trees, particularly those within 250 m of 
the windthrown stems (Fig. 4.2; HavaSova et al., 2017; Seidl & Blennow, 2012). 
These trees may have root damage caused by the storm, and the previously shaded 
stems become exposed to detrimental irradiation from the sun, i.e., sunburn. During 
this time, further infestation spots caused by single overthrown trees emerge in the 
stand interior. The bark beetles increase their population levels further and become 
sufficiently abundant to overcome the defenses of even healthy trees through the mass 
attack throughout the stand. Only at this point—extremely high populations of adult 
beetles—can bark beetles successfully colonize vigorous trees. The insects profit 
from an almost infinite supply of living trees, containing high-quality phloem and 
without competing phloem feeders except for their conspecifics. With the positive 
feedback of a high-reproductive output and successful colonization through mass 
attack, the populations reach a self-sustaining dynamic that may last for several years. 
A compilation of the most significant outbreaks of the last few decades in central 
Europe and Scandinavia revealed that the propagations last between 5 and 12 years 
(Wermelinger & Jakoby, 2019). Often, these outbreak dynamics are sustained by dry 
and hot summers, recurring smaller disturbances (e.g., heavy snowfall events), and 
heavy seed masts, all of which deplete the energy reserves of the trees (Nüsslein 
et al., 2000). Post-windthrow spruce bark beetle outbreaks lasting two to six years 
have been reported for different boreal forest regions in Russia (Maslov, 2010). In 
Sweden, peak infestations were attained in the third summer after the windthrow 
event (Kárvemo et al., 2014; Schroeder & Lindelów, 2002), a timing that also holds 
for higher elevations in the Alps (Wermelinger, 2004). 
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Fig. 4.2 Damage from the bark beetle (/ps typographus) in a subalpine spruce forest in Switzerland. 
A windthrow event gave rise to a subsequent infestation of the adjacent spruce trees. Photo credit 
Beat Wermelinger 


Outbreaks cease for various reasons. These include consistently high host-tree 
resistance stemming from sufficient precipitation and relatively cooler weather, 
increased bark beetle mortality because of intraspecific competition, natural enemies, 
human control measures (Stadelmann et al., 2013), a decreasing supply of host trees, 
or a combination of these factors (Marini et al., 2017). Bark beetle populations even- 
tually fall below the critical threshold required for successfully attacking live trees, 
and the mass infestation thus ends. 

The transition from colonizing low-defense substrates in latency to infesting high- 
defense trees in the eruptive phase is most commonly triggered by an abiotic distur- 
bance. In Europe, windthrow is the main trigger of bark beetle outbreaks (cf. Table 
] in Wermelinger & Jakoby, 2019). More recently, pronounced dry spells have also 
led to large-scale infestations by temporarily compromising the defense capacities of 
living spruce trees. Moreover, higher temperatures have allowed the production of a 
third generation of bark beetles in central Europe (Jakoby et al., 2019) and a second 
in Scandinavia (Jónsson et al., 2009; Neuvonen & Viiri, 2017). The interactions 
between tree resistance and bark beetle population size are crucial for the dynamics 
of an infestation (Fig. 4.3). The number of simultaneously attacking beetles required 
to successfully colonize a tree is positively related to the health and vigor of the tree 
(Mulock & Christiansen, 1986; Nelson & Lewis, 2008). With climate change, the 
projected increased frequency of hot and dry summers (and possibly more storm 
events) will favor an increased spruce tree mortality and a distinct decline of this tree 
species in central Europe (Jakoby et al., 2019; Jónsson et al., 2007). 

In North American forests, the mountain pine beetle is the most devastating bark 
beetle. This coleopteran has a similar biology to that of the European spruce bark 
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Fig. 4.3 Relationship between tree vitality and population levels of bark beetles required to cross 
the threshold (T) separating endemic and epidemic stages. Modified from Wermelinger and Jakoby 
(2019) with permission from Haupt Verlag 


beetle; however, it is restricted to living pine tree hosts, and outbreaks are often 
provoked by drought or a series of mild winters. During an unprecedented mass 
propagation in the decades at the turn of the twenty-first century, the mountain pine 
beetle expanded its natural outbreak range toward the northeast and to higher eleva- 
tions. During this process, the beetle also colonized—in addition to its preferred 
host of lodgepole pine (Pinus contorta var. latifolia Dougl. ex. Loud.)—whitebark 
pine (P. albicaulis Engelm.) and jack pine (P. banksiana Lamb.) (Raffa et al., 2013). 
Several years of higher temperatures, which reduced levels of winter mortality for 
this beetle, and the large-scale availability of old, even-aged, and drought-stressed 
pine forests (Logan & Powell, 2001; Taylor & Carroll, 2004) allowed the growth and 
spread of these extensive and long-lasting outbreaks (Stahl et al., 2006). 

Contrary to the previous situations in which windthrow or climate anomalies 
triggered bark beetle outbreaks, surprisingly little attention has been given to the 
reverse interaction, namely the effect of bark beetle attack on subsequent windthrow 
events. As in other cases of insect attack in mixed-species stands, the death of pine 
trees exposes nonhost trees to higher wind loads, making them more vulnerable 
to wind. In addition, trees killed by the mountain pine beetle will gradually lose 
functional integrity in their stem and roots, resulting in the eventual deterioration 
and collapse of dead trees over time. Furthermore, the rate of bole collapse may 
be accelerated by windsway, and high winds are often directly responsible for the 
collapse of beetle-killed trees. 

The annual monitoring of tree health and condition during and after an outbreak of 
mountain pine beetle in a forest stand dominated by lodgepole pine in central British 
Columbia provides an example of windthrow following a bark beetle outbreak. An 
eddy flux tower documented a remarkable recovery of the stand's function as a net 
carbon sink within three years of the outbreak despite 90% of the tree layer having 
died (Brown et al., 2012). The status of these dead trees over 15 years (Fig. 4.4) 
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showed a clear uptick in the rate of bole collapse between 2013 and 2014. This 
collapse—31% of the total number of fallen trees—was related to a wind event 
in December 2013 that had sustained average wind speeds of 36 km/h. Unfortu- 
nately, there were no nearby lodgepole pine stands unaffected by the mountain pine 
beetle for comparison purposes. Nonetheless, the observed treefall rates were much 
higher than background rates in stands dominated by living trees. It is interesting 
to note that stronger winds had been recorded several times in 2009 but without a 
noticeable increase in windthrow. Wind drag is reduced soon after a tree dies as 
needles gradually fall off; however, the stem and root resistance remain unaffected 
during the initial three years after a beetle attack. This example illustrates the impor- 
tance of case-specific and dynamic lag effects in detecting and understanding distur- 
bance interactions (Burton et al., 2020). Furthermore, in accelerating post-beetle tree 
collapse, wind contributes to the accumulation of boles resting on the ground and 
having contact with the forest floor. This accumulation further accelerates fungal 
attack and decomposition and elevates the rate of CO» release due to tree decay 
(Kaytor, 2016). Although inadequately documented, greater concentrations of fallen 
beetle-killed trees could plausibly result in more intense wildfires (Jenkins et al., 
2012), especially if fallen trees are jack-strawed, i.e., collapsed at multiple inter- 
secting angles with many boles elevated above the ground and staying well dried, 
leading to a three-way interaction between insects, wind, and fire. 

Bark beetle attacks in living stands markedly reduce canopy cover, especially in 
pure stands of host species; however, the understory and the forest floor are normally 
minimally affected. When dead trees are subsequently damaged by wind, the level 
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Fig. 4.4 Progression of treefall after a mountain pine beetle attack of a lodgepole pine stand in 
central British Columbia, Canada, accelerated by extreme winds in late 2013. Unpublished data 
from Dale Seip and Vanessa Foord, Government of British Columbia 
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of soil disturbance is typically less than the soil disturbance experienced with the 
windthrow of living trees, as the root systems of the dead trees will have degraded 
to some extent. The amount of advance regeneration then likely influences stand 
regeneration. 

When a bark beetle outbreak develops from wind-killed trees, the on-site effects 
will mostly reflect the wind's impact: a reduced canopy cover, a minor effect on 
the understory, and the local perturbation of the forest floor. However, the conse- 
quences of the beetle outbreak will extend to neighboring stands, where it will mostly 
affect canopy cover. After the collapse of the infestation, the development of a new 
stand in managed forests depends largely on silvicultural measures such as planting 
and fostering preferred tree species. In unmanaged or extensively managed forests, 
natural regeneration and future stand development depend on multiple factors, 
including elevation, climate conditions, the spatial magnitude of the infestation, the 
density of advance regeneration, and the proximity of seed trees. In high-elevation 
natural spruce forests, even-aged spruce stands are likely to develop. 


4.3 Fire Interaction with Other Disturbances 


Large fires are frequent in the boreal forest of North America. In Canada, for instance, 
almost 2 million ha of forests burn every year on average, with some years experi- 
encing more than 8 million ha burned (Hanes et al., 2019). Broad-scale fires have also 
been increasing in size since 1959 (Hanes et al., 2019). These disturbances are one of 
the main factors controlling the age structure, and thus composition, of boreal forest 
stands (Gauthier et al., 2009). Fire can eliminate or greatly reduce the abundance of 
the hosts of several insect species at the landscape level, thereby reducing the chance 
of these insect populations exploding to an epidemic level in the region. This scenario 
is the case for balsam fir, one of the major hosts of the eastern spruce budworm, and 
a species not adapted to regenerate quickly after a fire. On the other hand, fire can 
also favor species such as trembling aspen (Populus tremuloides Michx.), which 
can become dominant over large areas and be possibly affected by the forest tent 
caterpillar (Malacosoma disstria Hübner). The large areas of lodgepole pine orig- 
inating from the 1880-1920 fires in British Columbia provided a large continuous 
food source for the growth of the mountain pine beetle population in the late 1990s 
(Burton, 2010). With the forecasted increase in fire activity (Boulanger et al., 2014), 
the abundance of the preferred hosts for different insect species will change. Shorter 
fire-return intervals will likely increase the proportion of early successional species, 
favoring certain insect species. It should be noted, however, that negative feedbacks 
emerge when fire-return intervals are short. Successive fires within a short period do 
not allow forest fuels to accumulate, resulting in a de facto decrease in fire risk (Erni 
et al., 2018; Heon et al., 2014). 

Short intervals between successive fires can be responsible for a change in 
ecosystem state in which closed forests are replaced by open woodlands owing to 
a lack of seeds for forest regeneration (Jasinski & Payette, 2005; Splawinski et al., 
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2019). Short intervals between insect disturbances and fire can also produce such a 
state change (Simard & Payette, 2001). 

Surface fires are frequent in the European boreal forest (Shorohova et al., 2011), 
and surviving trees are subjected to subsequent windthrow and bark beetle attacks 
(Fig. 4.5; Ananyev etal., 2016). A similar situation has been described for surface fires 
and insect outbreaks in Siberian light coniferous forests dominated by Siberian larch 
(Larix sibirica Ledeb.); within two years of a fire, 18—30% of surviving trees were 
attacked by insects (Isaev, 1962). In dark coniferous forests, dominated by Siberian 
pine and fir (Pinus sibirica Du Tour and Abies sibirica Ledeb., respectively), forest 
fires typically induce fungal diseases (Pavlov, 2015) and insect outbreaks (Kharuk 
et al., 2016, 2017). 

Fire ignition, spread, behavior, and burned area can also be affected by the fuel 
inputs from tree and shrub mortality stemming from other disturbances, such as 
drought, insect outbreaks, and windthrow. The pulse created by this influx of dead and 
dry fuel can vary in duration depending on the tree species, the rate of the mortality 
process, and the regional weather/climate conditions. Recent drought has caused 
significant episodes of mortality, increasing the fuel load available to burn when 
the weather becomes conducive for fire, thereby increasing fire intensity (Ruthrof 
et al., 2016). Windthrow can increase the probability, intensity, and/or severity of 
subsequent fires by increasing the fuel load (Fig. 4.6). In Siberia, outbreaks of the 
Siberian silkmoth (Dendrolimus sibiricus Tschetv.) increase the risk of fires. Forest 
stands affected by an outbreak burn seven times more frequently than unaffected 


Fig. 4.5 Bark beetle-induced decline and wind breakage six years after a surface fire in a mixed 
primeval boreal forest, Vodlozersky National Park, Russia. Photo credit Ilkka Vanha-Majamaa 
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stands, and the burned area in a silkmoth-affected forest is 20 times larger than in 
unaffected stands (Kharuk & Antamoshkina, 2017). On the other hand, fire kills 
the natural enemies of silkmoth and thus can trigger an outbreak (Baksheeva et al., 
2019). 

Interactions between fire and other disturbances can also affect the postfire 
recovery potential by removing propagule sources (Cannon et al., 2019). However, 
these interactions are complex and influenced by disturbance intensity and severity, 
which are often highly heterogeneous, and the interval between disturbances. The 
degree to which plant community recovery reflects the compound effects of a bark 
beetle outbreak and fire disturbance depends strongly on fire severity (Edwards et al., 
2015). In some situations, such as low-intensity fire conditions, buffering effects can 
also be observed, i.e., by reducing fuels that otherwise might support more severe 


Fig. 4.6 Fuel load in a black spruce stand after severe windthrow in eastern Québec, Canada. Photo 
credit Kaysandra Waldron 
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fires, thereby conferring a degree of forest resistance to subsequent disturbances for 
some time (Cannon et al., 2017, 2019). 

The action of fire strongly influences the legacies of interactions between fire and 
other disturbances. Windthrow involves a reduction of forest cover, an increase in soil 
disturbance, and some modification of the understory layer (Waldron et al., 2013). 
Insect defoliation has a similar effect on the forest cover but with less effect on the 
understory layer and forest floor. However, when one of these disturbances precedes 
a fire event, its effects will become relatively minor relative to that of fire, which has 
a dominant impact on all constituents. When surface fires lead to windthrow or bark 
beetle attacks, the second disturbance will add to the canopy reduction, although the 
understory and the forest floor will remain dominated by the impact of fire. 


4.4 Interactions Between Natural Disturbances and Forest 
Management Practices 


In addition to interactions between natural disturbances, forest management practices 
can also interact with disturbances. For instance, partial cutting is a central element 
of many forest ecosystem management strategies (Bergeron & Harvey, 1997). By 
opening the forest canopy, standing trees become exposed to higher wind speeds, and 
damage due to increased wind has often been observed (Coates et al., 2018; Hanell & 
Ottoson-Lofvenius, 1994; Hautala & Vanha-Majamaa, 2006; Montoro Girona et al., 
2019; Ruel & Gardiner, 2019). Salvage logging often follows high-severity distur- 
bances and greatly modifies the legacies from natural disturbances, including the 
removal of residual living trees, the reduction of snags and downed woody debris, 
and the added disturbance to the understory and forest floor. These added effects can 
damage advance regeneration, increase fire risk (Donato et al., 2006), and decrease 
biodiversity (Thorn et al., 2018). Salvage logging in black spruce-dominated stands 
defoliated by the spruce budworm could increase the defoliation of black spruce 
regeneration. In turn, this loss of regeneration would influence stand development 
trajectories and eventually increase future stand vulnerability to the insect (Cotton- 
Gagnon et al., 2018). Partial cutting in defoliated stands would also lead to increases 
in regeneration defoliation although to a lesser extent than in clear-cut stands (Lavoie 
et al., 2021). 


4.5 Conclusion 


This chapter has focused on disturbance interactions where the occurrence of one 
disturbance influences the likelihood of another. We have shown that the interactions 
may significantly impact ecosystem processes and attributes. There are knowledge 
gaps in our understanding of these effects, and further research is required. For 
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example, other instances of compound disturbances can occur when two consecutive 
disturbances occur in sequence, without a causal relationship between them. These 
can also lead to significant effects on ecosystems, but their occurrence and impacts are 
less predictable without a direct relationship. The lack of suitable controls typically 
constrains evaluations of the interactive or compound effects of natural disturbances; 
that is, the effects of disturbance A without disturbance B and those of disturbance B 
without disturbance A are difficult to study under similar conditions as experienced 
for the interacting disturbances. As climate and weather influence many of these 
interactions, further research should target the possible effects of climate change on 
these interactions. Research should also expand the temporal scale being analyzed 
because studies of disturbance interactions are often conducted opportunistically 
and over the short term, covering only the initial years post-disturbance. The age 
structure of forest landscapes further influences the vulnerability of certain stands to 
disturbances and their possible interactions, an effect that must be better documented 
and understood. 
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Chapter 5 A) 
Living Trees and Biodiversity ENS 


Aino Hämäläinen, Kadri Runnel, Grzegorz Mikusinski, Dmitry Himelbrant, 
Nicole J. Fenton, and Piret Lóhmus 


Abstract Living trees are fundamental for boreal forest biodiversity. They 
contribute to stand structural diversity, which determines the range of habitat niches 
available for forest-dwelling species. Specific characteristics of living trees, such as 
species, age, and presence of microhabitats, determine how species utilize trees for 
food, as nesting places, or as growing substrates. This chapter explores the associa- 
tions between living trees and aboveground biodiversity, reviews the factors such as 
soil productivity, hydrological regime, stand successional stage, and forestry activi- 
ties that influence the characteristics of living trees and stand structural diversity, and 
presents the consequences of current and future climate change on boreal biodiversity. 
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5.1 Introduction 


Living trees play a crucial role in supporting biodiversity and providing ecosystem 
functions in boreal forests. Numerous forest-dwelling species are directly dependent 
on living trees; for example, trees provide a substrate for epiphytic and saprotrophic 
species, which in boreal forests consist mainly of bryophytes, lichens, and fungi. 
Trees also provide shelter and nesting places for invertebrates, mammals, and birds. 
Trees are equally a fundamental part of forest food webs as their foliage, flowers, 
seeds, and bark are food sources for various species. Finally, living trees are crucial 
as they form the structure of forest stands, which in turn influences the number of 
different habitat niches available and, thus, biodiversity (Chase & Leibold, 2003). 

This chapter describes the linkages between living trees and their role in devel- 
oping stand structure in boreal forests and generating aboveground biodiversity. Most 
existing studies on these topics come from Europe (especially Fennoscandia) and 
North America, whereas less research has been conducted in Asian boreal forests. 
Although we aim to cover the entire boreal region, our main focus in this chapter 
will be on the regions from which a greater amount of knowledge is available. The 
discussion of stand structural diversity is limited to the features directly connected 
with living trees, such as tree species diversity, canopy structure, and tree-related 
microhabitats. We then explain the main natural factors that influence the structural 
diversity both at the tree and stand scales, such as climate, primary productivity, and 
stand succession. In addition, we describe anthropogenic disturbances and related 
changes, most importantly commercial rotation forestry, that shape the structural 
diversity of living trees and the associated biodiversity in the boreal region. Finally, 
we discuss the potential effects of future climate change. 


5.2 Structural Diversity of Living Trees 


The structural diversity of living trees (hereafter structural diversity) in a forest, as 
well as how it changes during forest succession, is an important driver of biodiver- 
sity. Structural diversity can be described as tree species richness, variability in tree 
age and size distribution, the occurrence of several canopy layers vertical diversity, 
and the presence of canopy gaps or denser patches of trees horizontal diversity, as 
well as smaller-scale variations, e.g., foliage density (Franklin & Van Pelt, 2004). 
Traditional successional models suggested that structural diversity was higher in old 
boreal forests, whereas young stands that originated naturally from a stand-replacing 
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disturbance were more uniform in structure (e.g., Brassard & Chen, 2006). It is now 
clear, however, that in a variety of forest types, high diversity can be present at any age 
because of variable seedbed quality and the presence of legacy trees post-disturbance 
(Kuuluvainen, 2002; Lecomte et al., 2006; Martin et al., 2019). Furthermore, even 
whena classical succession sequence exists, the age at which structural diversification 
begins depends on growing conditions and differs among stand types. For example, 
in Canadian boreal forests, white spruce (Picea glauca) stands develop a high struc- 
tural diversity after 160 years of age, whereas structural enrichment begins after 
only 80 years in balsam poplar (Populus balsamifera) stands (Timoney & Robinson, 
1996). 

In boreal forests, tree species richness is low compared with temperate or tropical 
regions (Esseen et al., 1997). Mid- and late-successional boreal forest stands are 
typically dominated by a few coniferous species; in western Europe, these dominant 
taxa are Norway spruce (Picea abies) and Scots pine (Pinus sylvestris), and in eastern 
Europe and Asia, they are Siberian and Yezo spruce (Pinus obovata and P. jezoensis, 
respectively), Siberian fir (Abies sibirica), Scots and Siberian pine (Pinus sibirica), 
and Siberian and Dahurian larch (Larix sibirica and L. gmelinii, respectively) (Shoro- 
hovaetal., 2011). In North America, the dominant conifers are white and black spruce 
(Picea glauca and P. mariana, respectively) and tamarack/larch (Larix laricina). In 
central and eastern North America, balsam fir (Abies balsamea) and jack pine (Pinus 
banksiana) are also present, and in western North America, alpine fir (Abies lasio- 
carpa) and lodgepole pine (Pinus contorta) are significant components of the forest 
(Larsen, 1980). The most important broadleaf tree species throughout the boreal 
region are birches (Betula spp.) and aspens (Populus spp.). Broadleaf trees occur 
mainly in young stands or as an admixture in the older, conifer-dominated stands 
(e.g., Bergeron, 2000), although there are some exceptions, such as Erman's birch 
(Betula ermanii), which also forms stands in older successional stages in the Russian 
Far East. 

Tree species richness is generally correlated with the other aspects of structural 
diversity (Juchheim et al., 2020). There is a functional feedback loop, where a hori- 
zontally diverse stand structure with canopy gaps and openings can promote the 
establishment of light-demanding tree species in mature stands and thus promote 
tree species richness (Brassard & Chen, 2006; Kuuluvainen, 1994). In turn, species- 
rich stands are usually structurally diverse, as tree species vary in size and physical 
construction. Moreover, other habitat qualities that influence forest-dwelling species, 
such as soil conditions and water availability, are also affected by tree species and 
may therefore be more heterogeneous in mixed stands than in monospecific ones 
(Barbier et al., 2008). 

Furthermore, tree species richness is important for the diversity of forest-dwelling 
species, as many are associated with a particular tree species or tree species group. 
Reasons for these associations are various; for example, tree species-specific bark 
characteristics are important for epiphytes (Ellis, 2012) and bark-dwelling inverte- 
brates (Nicolai, 1986), and the chemistry and nutritional qualities of wood, foliage, 
and seeds affect the species that use these resources as a food source. The strength 
of the associations varies from a preference to strict specialization, but in general, 
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species that consume foliage or other soft tissues of trees tend to be stricter in their 
specialization than species utilizing bark or wood (Sundberg et al., 2019). For most 
boreal forest trees, the total number of associated species is unknown. An exception 
is a recent report by Sundberg et al. (2019), which listed the number of associated 
species for all Swedish tree species. According to the report, the most common 
indigenous tree species, Norway spruce, was host to the highest number (1,100) of 
associated species, but note that this number includes species on both living trees and 
deadwood. However, less common tree species can also be important for biodiversity 
if they provide specific, valuable habitats for forest-dwelling species. For example, 
many species throughout the boreal region, particularly epiphytes and cavity-nesting 
birds, are associated with aspens, which provide these taxa more favorable habitats 
than the more common coniferous trees (e.g., Boudreault et al., 2000; Cadieux & 
Drapeau, 2017; Kivinen et al., 2020). 

In addition to the specific tree species, the habitat value of a single tree is affected 
by its age and size; old and large trees are particularly important for biodiver- 
sity. Although tree age and size are often correlated, there are exceptions; on low- 
productivity sites, in particular, old trees can remain small but have a high biodi- 
versity value (Cecile et al., 2013). With aging, trees develop specific characteristics 
and microhabitats, such as different bark structures or holes and cavities, that are 
important for various species (Michel & Winter, 2009); for example, rough bark 
typical of old trees hosts more arthropod species than smooth bark associated with 
younger trees (Nicolai, 1986), and certain epiphytic lichens are specifically associ- 
ated with thick bark or deep bark crevices (Ranius et al., 2008). Table 5.1 presents 
further examples of important tree-scale microhabitats. In addition, old trees are valu- 
able because they have been available for colonization for a longer time than young 
trees, which increases the chances for the establishment of dispersal-limited sessile 
biota (Ellis, 2012). Tree size, in turn, can be important because larger trees provide 
more habitat space and, in some cases, improved habitat quality; for example, many 
cavity-excavating birds prefer larger-diameter trees that are more stable and, because 
of thicker cavity walls, offer safer nesting places (Remm et al., 2006). 


5.3 Factors Influencing the Structural Diversity of Living 
Trees 


Natural key factors determining the structural diversity of living trees in unman- 
aged boreal forests are successional stage, disturbance history, and site productivity 
(Liira & Kohv, 2010; Moussaoui et al., 2016). The natural disturbance dynamics 
and stand successional sequence in boreal forests are explained elsewhere in this 
book (Chap. 3); therefore, we focus here more on the effects of productivity and its 
interaction with succession. For forestry purposes, productivity is usually defined as 
the ability to produce wood biomass per unit area over a given time (Bontemps & 
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Table 5.1 Important microhabitats occurring on living trees in boreal forests, with examples of 


associated species 


Microhabitat 


Tree cavities and rot holes 


Occurrence and examples of species utilizing the microhabitat 


Cavities are created by excavating birds (woodpeckers, in the 
boreal region) or, more rarely, by wood-decaying fungi. 
Woodpecker-excavated cavities are more prevalent on large 
broadleaf trees, and decay-induced cavities are more common on 
old trees (Andersson et al., 2018; Parsons et al., 2003). Cavities 
provide habitats for many insects and other invertebrates and 
nesting and hiding places for various birds and some mammals, 
such as bats (Esseen et al., 1997). Humid and shaded hollows are 
also colonized by some lichens, especially calicioids (Tibell, 


1999) 


Broken or irregular treetops 


Broken or irregular tops of large trees provide nesting places for 
large birds of prey, e.g., Golden Eagle (Aquila chrysaetos) and 
Osprey (Pandion haliaetus) (Kuuluvainen, 2002) 


Dead branches and treetops 


Dead branches of living trees are an abundant microhabitat: they 
can constitute half of the total deadwood surface area in managed 
conifer-dominated boreal forests (Svensson et al., 2014). They 
serve as a substrate for saproxylic insects, fungi, and lichens 
(Larrieu et al., 2018), including rare species, e.g., the lichen 
Erioderma pedicellatum on dead branches of old spruces in the 
Russian Far East, Alaska, and eastern North America (Fig. 5.3c; 
Lauriault & Wiersma, 2020; Tagirdzhanova et al., 2019) 


Bark pockets 


Partially loose pieces of bark form a pocket between the bark and 
the tree trunk. These pockets are essential for many invertebrates 
and, if sufficiently large, can also be used as nesting places by 
some birds (e.g., treecreepers, Certhidae) or as day roosts by bats 
(Winter & Moller, 2008) 


Cracks, scars, and bark loss 


Cracks on the trunk provide nesting and hiding places for 
invertebrates, e.g., spiders and flat bugs; larger ones can also serve 
for birds and bats (Michel & Winter, 2009). Cracks and scars also 
host some crustose lichens and various fungi and microorganisms 
(Roll-Hansen and Roll-Hansen, 1980). Exposed wood is used by 
saproxylic invertebrates, fungi, and lichens (Larrieu et al., 2018) 


Fire scars 


Charred, exposed wood resulting from earlier forest fires occurs 
on fire-resistant conifers (e.g., Pinus sylvestris) and usually on 
larger trees, which are more likely to survive a fire. The fire scars 
serve as a substrate for species specialized on charred wood, e.g., 
the lichens Carbonicola anthracophila, C. myrmecina, and 
Hertelidea botryosa (Fig. 5.3d; Andersson et al., 2009; Lóhmus & 
Kruustük, 2010) 


Resin and sap flows 


Resinoses can host specialized fungi, such as Chaenothecopsis 
spp. (Titov, 2006) or the discomycetes Sarea resinae and S. 
difformis (Beimforde et al., 2020). Sap flows provide a food 
source, e.g., for several beetle species 


(continued) 
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Table 5.1 (continued) 


Microhabitat Occurrence and examples of species utilizing the microhabitat 

Cankers and burls Cankers and burls provide substrates for epiphytic bryophytes and 
lichens. They are also used by certain Lepidoptera (Larrieu et al., 
2018) 

Witch brooms Brooms are dense branch growths caused by pathogenic fungi, 


e.g., Chrysomyxa arctostaphyli on white and black spruce (Paragi, 
2010). They provide nest sites and food sources for arthropods, 
birds, and small mammals, such as red squirrels (Tamiasciurus 
hudsonicus) (Tinnin et al., 1982) 


Fungal fruiting bodies Fungal fruiting bodies are used as habitat or food sources by 
various insects, such as beetles (Jonsell et al., 2001). They also 
host other fungi, e.g., calicioid fungi, such as Phaeocalicium 
polyporaeum (Titov, 2006), and lichens, e.g., Bacidina spp. and 
Chaenotheca spp. 


Epiphytes Epiphytic lichens and bryophytes provide habitats for various 
invertebrates, such as spiders, mites, and tardigrades (Ellis, 2012) 
and host lichenicolous fungi and epibryophytic lichens, e.g., 
Mycobilimbia spp. 


Bouriaud, 2014) and combines the effects of soil conditions— nutrient availability 
and hydrology—and regional temperature (Fig. 5.1). The latter is an important factor 
in the boreal forest because in high-latitude or high-altitude regions, low tempera- 
tures can restrict the rate of cell division in trees (Rossi et al., 2007) and lead to slower 
tree growth. Another significant factor is paludification, i.e., the accumulation of soil 
organic matter, which can reduce productivity, especially in old boreal stands. In 
eastern Canada, for example, paludification can decrease black spruce productivity 
by 50% to 80%, particularly during the first centuries after a fire (Simard et al., 2007). 

In general, the structural diversity of living trees increases with soil productivity 
in natural conditions (e.g., Boucher et al., 2006; Liira & Kohv, 2010). At higher 
site productivity, total stand volume is larger, and greater numbers of tree species 
and larger ranges of diameters and heights can co-occur. For example, in Estonian 
hemiboreal forests, high-productivity spruce-deciduous mixed stands have twice 
the stand volume, a significantly higher tree species richness, and a greater number 
of tree diameter classes than low-productivity Scots pine stands (Liira & Kohv, 
2010; Lóhmus, 2004). Furthermore, the speed of structural development depends 
on productivity; trees grow faster on fertile soils, which accelerates the development 
toward stand complexity (Boucher et al., 2006; Larson et al., 2008). In boreal Canada, 
Boucher et al. (2006) found the tree size diversity of >200-year-old low-productivity 
black spruce stands to be low, whereas productive black spruce stands had an uneven- 
sized structure at a younger age. Productivity also affects the recruitment rate of new 
tree species, particularly for shade-tolerant coniferous species. The recruitment of 
these species occurs faster in more productive sites and may not happen at all at 
low-productivity sites (Boucher et al., 2006; Larson et al., 2008). 


5 Living Trees and Biodiversity 151 


TREE GROWTH 
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STRUCTURAL 


DIVERSITY 
Tree species 


composition 


LIVE TREE 


BIOTA microhabitats 


Small scale disturbances 
Climatic conditions 


Time since stand replacing 
disturbance (stand age) 


Fig. 5.1 Conceptual scheme of stand-scale predictors for the diversity of tree-dwelling biota. Some 
growth conditions are related to each other; all growth conditions influence the various elements of 
structural diversity, which in turn determine the live-tree biota 


The occurrence of large or old trees is primarily determined by stand age, although 
large trees are also found more frequently in more productive sites. Because many 
tree-scale microhabitats develop with increasing age and decreasing tree vitality, their 
occurrence is generally correlated with that of old trees; however, various processes 
influence the dynamics of microhabitat development and loss (Fig. 5.2). 

In addition to the processes listed above, the structural diversity of living trees 
and the associated biodiversity are subject to human-induced changes, particularly 
forest management. Management effects are often greatest in the most productive and 
economically valuable stand types (Martin et al., 2020). The effects vary depending 
on the applied practices, but typically, management simplifies the structural diversity 
of living trees and decreases habitat diversity. 

In particular, intensely managed stands, i.e., clear-cut, reinitiated through planting, 
and thinned several times before final harvest, have a uniform structure lacking the 
multiple canopy layers, gaps, and other small-scale variations typical of natural stands 
(Cyr et al., 2009; Esseen et al., 1997). Because clear-cutting targets primarily old 
stands, a rejuvenation of the forest landscape has occurred throughout the boreal 
region (Bergeron et al., 2006). This rejuvenation is due to the short rotation periods 
used in even-aged forestry (roughly 70—120 years for conifer stands). Therefore, the 
number of large and old trees, and consequently the number of associated species, 
is low in production forests (Linder & Ostlund, 1998). Even shorter rotation periods 
may be adopted in the future as the risk of pest and storm damage in older stands 
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Fig. 5.2 Factors and processes contributing to the dynamics of tree-scale microhabitats. The rates 
of microhabitat development and loss determine the frequency of their occurrence; these processes 
are, in turn, influenced by tree species and physiology, environmental conditions, and disturbances, 
as well as forest management. Reprinted from Kõrkjas et al. (2021) with permission from Elsevier 


is expected to increase because of climate change (Felton et al., 2016; Gauthier 
et al., 2014). Furthermore, the frequency and severity of natural disturbances such as 
fires, windthrow, and insect outbreaks are predicted to increase with climate change 
(e.g., Seidl et al., 2020). These enhanced disturbances may further decrease the 
proportion of old forests, especially if the frequency and intensity of salvage logging 
also increase (Lindenmayer et al., 2008). 

Management also shapes tree species diversity because species of higher economic 
value are promoted by planting and thinning. In Fennoscandia, this has led to a 
decrease in broadleaf and mixed stands and increased conifer stands, with negative 
consequences for the associated biodiversity (Ostlund et al., 1997). The planting of 
non-native or hybrid trees, such as lodgepole pine in Fennoscandia (Elfving et al., 
2001), can have even more drastic effects on biodiversity because stands of non- 
native trees often host different communities of associated species than native stands 
(Backlund et al., 2016; Roberge & Stenbacka, 2014). The planting of non-native 
trees is relatively rare in the boreal region but may become more common in the 
future if non-native trees are deemed more profitable under a changing climate or 
more resilient against new pests and pathogens that will colonize the boreal region 
as the climate warms (Felton et al., 2016). 

Climate change-related risks are also likely to affect the management of native 
trees. Broadleaf trees, for example, may be promoted as they are expected to be less 
susceptible to many climate-related risks. This scenario could have positive effects 
on biodiversity in regions where the number of broadleaf trees has been reduced 
(Felton et al., 2016). A warmer climate can also result in hemiboreal and temperate 
tree species migrating northward, affecting the distribution of native boreal trees 
(Gauthier et al., 2015). 
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5.4 Living Trees and the Diversity of Forest-Dwelling 
Species 


In the previous sections, we provided an overview of how the structural diversity of 
living trees can affect boreal forest-dwelling species. The remainder of the chapter 
will illustrate these processes in more detail by presenting three groups of forest- 
dwelling organisms having different relationships with living trees: (1) epiphytic 
lichens and bryophytes, which depend on living trees as a substrate; (2) forest- 
dwelling birds, which utilize trees for foraging and nesting places; and (3) understory 
plants and epigeic lichens, which are influenced indirectly by living trees through 
stand microclimate, for example. 


5.4.1 Epiphytic Lichens and Bryophytes 


In most parts of the boreal region, epiphyte communities are formed solely by lichens 
and bryophytes; ferns as epiphytes are rare and occur only locally, e.g., in Norwegian 
boreal and boreonemoral rainforests (DellaSala et al., 2011). Lichens tend to grow 
on the whole tree, whereas bryophytes mostly form wefts, mats, tufts, or pendants 
on the lower parts of tree trunks and branches (Marmor et al., 2013; Tarasova et al., 
2017). Although epiphyte biomass in boreal forests is relatively modest compared 
with tree foliar biomass (Botting et al., 2008), epiphytes contribute to nutrient and 
mineral cycling (e.g., Botting et al., 2008; Knops et al., 1991), participate in forest 
wood webs (e.g., Pettersson et al., 1995), and provide valuable nesting material for 
birds and mammals (Hayward & Rosentreter, 1994; Wesolowski & Wierzcholska, 
2018). 

In general, the epiphyte diversity in boreal Europe and eastern Canada is rela- 
tively well known and rich (2500 species), whereas fewer studies have examined 
other Canadian regions and northern Asia. Both lichens and bryophytes include 
obligate and facultative epiphyte species. Among macrolichens, pendulous taxa of 
the genera Alectoria, Bryoria, Evernia, Ramalina, and Usnea dominate on conifer 
branches (Fig. 5.3a; Esseen et al., 1997). Diverse assemblages of crustose lichens, 
which are often host-tree specific, inhabit both smooth and coarse bark of tree trunks 
(e.g., Androsova et al., 2018; Hyvärinen et al., 1992; McMullin et al., 2008). Exam- 
ples of obligate epiphytic bryophytes include the mosses Orthotrichum obtusifolium 
and Pylaisiella polyantha and the liverworts Frullania spp., which all grow on aspens 
in the Canadian boreal forest. Tree bases and exposed roots of living trees are inhab- 
ited mainly by facultative epiphytes, e.g., Ptilidium pulcherrimum and Pleurozium 
schreberi, which often form a special “bryophyte sock" at the base of the tree. The 
bryophyte sock can house multiple species, and although most of these species can 
also grow on other substrates, tree bases are often the most abundant and, therefore, 
the most critical microhabitat. 
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Fig. 5.3 a Pendulous lichens, e.g., witch's hair lichen Alectoria sarmentosa, dominate on conifer 
branches throughout the boreal region. Broadleaf trees host many specialized lichen species, e.g., b 
lungwort lichen Lobaria pulmonaria, here on Salix caprea. Certain lichen species require specific 
microhabitats; c the globally threatened boreal felt lichen Erioderma pedicellatum occurs on dead 
spruce branches, whereas d the small clam lichen Carbonicola anthracophila colonizes only burned 
bark or wood, here accompanied by a generalist tube lichen Hypogymnia physodes. Photo credits 
a b Aino Hämäläinen, c Dmitry Himelbrant, and d Piret Lohmus 


The quality of living trees as epiphyte habitat is determined by tree characteristics 
that affect the availability of light, water, and nutrients. Bark structure and chemistry 
are particularly important in this respect (Brodo, 1973; Gustafsson & Eriksson, 1995). 
Rough bark with furrows and crevices can provide a large variety of microhabitats 
and favors specific assemblages of epiphytes such as calicioid lichens (pin lichens) 


(Holien, 1996). Furthermore, rough bark generally has better water holding capacity, 
which increases the water supply for epiphytes and favors their establishment (Snäll 
et al., 2004). Another critical factor is bark stability; unstable, easily exfoliating 


bark is an unfavorable substrate for most epiphytes. In addition to the structural 
factors, bark pH has a strong effect on epiphytes, as most species have a specific pH 
range that they can tolerate (Bates, 1 ; Brodo, ). Bark pH can influence, for 
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example, the availability of nutrients (Bates, 1992), the germination of bryophyte 
spores (Wiklund & Rydin, 2004), or the competition for space between micro- and 
macrolichens (Hyvárinen et al., 1992). 

Bark characteristics differ among tree species, which leads to distinct epiphyte 
assemblages (e.g., Kuusinen, 1996). Most epiphytic species show at least some degree 
of preference for certain host tree species (Ellis, 2012; Kuusinen, 1996), although 
the association with tree species is often rather loose. Tree species differ in the total 
number of epiphytic species and the number of specialized species they host. In Euro- 
pean boreal forests, for example, Populus tremula and Salix caprea are considered 
particularly important for epiphyte diversity, as they have a high number of specialist 
epiphytes (Kuusinen, 1996). Similarly, in North America, Populus tremuloides hosts 
a high epiphyte richness (Bartels & Chen, 2015). Bark characteristics are further 
affected by tree age; the bark of older trees is usually thicker and rougher than that of 
young trees. Concurrently, epiphytic communities change as the trees age. Although 
both young and old trees have associated epiphyte species, species richness is usually 
highest on old trees (e.g., Lie et al., 2009). In addition to the specific bark qualities, 
a longer colonization time can contribute to the high diversity on old trees (Lie et al., 
2009). 

Rotation forestry generally negatively affects epiphyte diversity, as it decreases 
the overall diversity of live-tree habitats and the amount of important substrates, 
such as old deciduous trees. Climate change is also expected to affect boreal forest 
epiphytes. Changes in temperature and precipitation can directly affect epiphyte 
growth and survival (e.g., Smith et al., 2018). However, the effects vary among 
species (Lóbeletal., 2018) and forest types (Barbé et al., 2020). Furthermore, indirect 
effects through changes in tree species composition, disturbance regimes, or forestry 
practices are also likely. For example, climate change may lead to an intensification 
of forestry through shorter rotations or increased demand for biofuels (Felton et al., 
2016), which can have negative impacts, particularly for epiphytes dependent on 
old-growth forest characteristics. Together, these effects and interactions can change 
epiphyte assemblages in complex and unexpected ways (Smith et al., 2018). 


5.4.2 Forest Birds 


Birds have developed many ecological adaptations to forest environments that allow 
them to utilize a very broad spectrum of habitats (Villard & Foppen, 2018). Moreover, 
because of their high mobility, birds as a group are capable of rapid responses to 
habitat changes in forest environments (Wesotowski & Fuller, 2012). Their ability to 
fly allows them to fully explore the three-dimensionality of forests created by trees, 
leading to an exceptionally high diversity of bird species assemblages in forests 
(Flade, 1994; James & Wamer, 1982; MacArthur & MacArthur, 1961). 

Living trees provide birds with food, nesting sites, and shelter but are also used 
as a physical structure for several other activities, including perching, singing, and 
courting. Some boreal birds consume different vegetative parts of trees. For example, 
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the Eurasian Western Capercaillie (Tetrao urogallus) and Spruce Grouse (Falcipennis 
canadensis, Fig. 5.4) in North America are highly dependent on the needles of conif- 
erous trees during winter. The winter diet of Hazel Grouse in Eurasia consists almost 
exclusively of catkins, buds, and twigs of alder, birch, and other broadleaf trees. The 
Great Spotted Woodpecker (Dendrocopos major), Eurasian Siskin (Spinus spinus), 
and several crossbill species (Loxia spp.) with a circumboreal distribution are special- 
ized in eating seeds from mostly coniferous trees, and waxwings (Bombycilla spp.) 
are dependent on berries provided by trees. Furthermore, invertebrates on living 
trees are a key food source for many bird species. The rapidly increasing biomass of 
herbivorous and predatory invertebrates in the spring secures nourishment for most 
arboreal passerines, both resident and migratory, and provides necessary proteins for 
the development of their chicks. In addition, saproxylic invertebrates occurring in 
living trees are an important food of forest birds, especially woodpeckers (Picidae), 
nuthatches (Sittidae), treecreepers (Certhidae), and tits (Paridae). 

Many forest birds use trees as nesting sites. This behavior encompasses common 
passerines like the Common Chaffinch (Fringilla coelebs) in Eurasia or the Least 
Flycatcher (Empidonax minimus) in North America that usually build open nests in 
tree canopies; however, it also includes large birds of prey such as Osprey (Pandion 
haliaetus), which often build their nests on the tops of living trees. Living trees and 
snags are particularly important for cavity-nesting birds, including primary excava- 
tors, i.e., woodpeckers, and species using existing cavities created by woodpeckers 
and decay. In boreal forests, decay-formed cavities are rare, and therefore most 
cavities are made by woodpeckers (Andersson et al., 2018; Cockle et al., 2011). 
Thus, since several dozen bird species in boreal forests are obligate secondary cavity 
nesters, woodpeckers can be considered keystone species. For most forest birds, 
living trees and shrubs also provide shelter for both day- and nighttime roosting on 
branches, underneath the low branches or in cavities. For example, in a Norwegian 
study, Finne et al. (2000) found that 9096 of daytime roosting sites of capercaillie 
were located underneath the low branches of Norway spruce trees. 


Fig. 5.4 Male Spruce 
Grouse (Falcipennis 
canadensis) on jack pine 
(Pinus banksiana); jack pine 
needles are a key food item 
for this species. Photo credit 
Marjorie Wilson 
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The intersection of the species-habitat dependencies discussed above, interspe- 
cific interactions, the regional species pool, and landscape context leads to a highly 
variable bird assemblage for a particular boreal forest stand. The post-disturbance 
successional gradient will generate a range of bird assemblages from one of open 
or early-succession species (often generalist and migratory species) to specialized 
residents dependent on old-growth stands, generally characterized by a high struc- 
tural diversity (Drapeau et al., 2000; Helle & Mönkkönen, 1986; Imbeau et al., 1999; 
Jansson & Andrén, 2003). Structural differences, including the dominance of partic- 
ular tree species, are greater and have a more marked effect on differentiating bird 
assemblages in the Nearctic than in the western Palearctic; this is possibly explained 
by the lower level of specialization in the latter (Mónkkónen, 1994). 

A greater number of native tree species and a longer time since a stand-replacing 
disturbance generate a higher diversity of bird assemblages. In particular, the pres- 
ence of broadleaf trees heightens bird species diversity, especially in boreal Europe 
(Jansson & Andrén, 2003). The occurrence of large and old trees provides nesting 
and foraging opportunities for many species, including specialized cavity nesters 
and large birds of prey. In addition, multilayered stands have richer bird assem- 
blages than stands with even-aged woody vegetation (e.g., Klein et al., 2020). Thus, 
from a conservation and management perspective, promoting these features of struc- 
tural diversity can support a higher diversity of forest bird assemblages. For example, 
green tree retention applied during the logging of boreal forests may positively affect 
several species, but it can only partially counteract the loss of mature forest (Basile 
et al., 2019; Price et al., 2020; Sóderstróm, 2009; Venier et al., 2015). There is a need 
for more research on how different natural processes interact with human actions 
across landscapes and in the context of climate change (Mikusiñski et al., 2018). A 
recent study in the boreal forests of Alberta (Cadieux et al., 2020) predicted declines 
in bird species associated with older coniferous forests because of climate change, 
and this process is expected to be accelerated by forestry. Similarly, in Finnish boreal 
forests, habitat alteration due to forestry compounds the negative impact of climate 
change on bird assemblages (Virkkala, 2016). To counteract such adverse devel- 
opments, Stralberg et al. (2019) proposed large-scale recovery plans and adaptive 
forest management, the designation of critical habitat, and land protection. These 
measures are based mainly on the appropriate management of living trees at stand 
and landscape levels. 


5.4.3 Plants and Lichens in Forest Understories 


Despite not directly growing on living trees, vascular plants, bryophytes, and lichens 
in boreal forest understories are nevertheless influenced by the structural diversity that 
governs the microclimate and nutrient availability on the forest floor. In boreal forests, 
particularly in older conifer-dominated stands, epigeic bryophytes and lichens prevail 
in the forest understory rather than vascular plants (Bergeron & Fenton, 2012; Esseen 
et al., 1997). Bryophytes dominate the forest floor in mesic sites, whereas lichens are 
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more common in drier sites and in the most northern parts of the boreal region (Esseen 
et al., 1997). Vascular plants are more abundant in younger stands and nutrient-rich 
broadleaf stands. 

Canopy tree species composition is an important determinant of understory diver- 
sity, and stands of different tree species typically host distinct understory assem- 
blages. Canopy closure and, concurrently, light availability can differ notably among 
tree species, depending on the size and arrangement of leaves (Barbier et al., 2008). 
In eastern Canadian boreal forests, for example, the highest light levels are observed 
in Betula stands; the light levels then decrease in the order of Populus, Pinus, Picea, 
Abies, and Thuja stands (Messier et al., 1998). Furthermore, tree species composi- 
tion affects water availability in the understory, as the amount of throughfall and 
water absorbed by tree roots varies among tree species. For example, throughfall 
is generally higher in broadleaf stands than coniferous ones and in stands of early- 
successional rather than late-successional tree species (Barbier et al., 2008). In addi- 
tion, nutrient availability is generally greater in broadleaf and mixed stands than in 
coniferous stands because of the presence of nutrient-rich leaf litter (Hart & Chen, 
2006). Therefore, vascular plants that benefit from higher levels of light and nutrients 
are usually more diverse and abundant in broadleaf and mixed stands. Bryophytes 
and lichens, in turn, suffer from increased competition from vascular plants and are 
affected by the leaf litter of broadleaf trees, which can inhibit their establishment and 
growth (Bartels & Chen, 2013). The cover and diversity of bryophytes and lichens 
are therefore generally higher in conifer-dominated stands. 

In addition to tree species composition, microclimate on the forest floor is influ- 
enced by variations in canopy openness. Large canopy gaps and other openings that 
lead to increased light levels positively affect vascular plants and some species of 
lichen, e.g., Cladonia spp. (Boudreault et al., 2013). Bryophytes, which are generally 
shade tolerant, do not benefit from increased light; instead, their cover decreases in 
large canopy gaps because of intensified competition with vascular plants. However, 
since bryophytes require high moisture levels, they can benefit from small canopy 
gaps, which do not have notably higher light levels but rather greater water avail- 
ability owing to higher throughfall and the lower transpiration by live trees (Hart & 
Chen, 2006; Muscolo et al., 2014). In addition, small gaps formed by tree uprooting 
provide an important microhabitat for bryophytes (e.g., Schistostega pennata) and 
lichens (e.g., Chaenotheca furfuracea) in the form of root plates and bare mineral 
soil (Jonsson & Esseen, 1990; Lóhmus et al., 2010). 

The relationships described above make epigeic species vulnerable to changes in 
canopy closure and tree species composition because of, for example, forest manage- 
ment. In Sweden, managed forests have become denser, which has led to an increased 
proportion of shade-adapted plants in the understory (Hedwall et al., 2019). In North 
America, however, most studies have shown that the vascular plant flora of boreal 
forests (MacDonald et al., 2015), and to some degree epigeic lichens (Lafleur et al., 
2016), are resilient in the face of most forest management regimes. Bryophytes, 
however, are more vulnerable (MacDonald et al., 2015; Paquette et al., 2016). Climate 
change is expected to affect understory species directly through altered temperature 
and precipitation and decreased snow cover. The latter, accompanied by frost damage, 
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is predicted to be one of the most significant climate change-related factors influ- 
encing boreal forest understories and could lead to altered species composition and 
notable decreases in the abundance of dominant species (e.g., Kreyling et al., 2012). 


5.5 Conclusions 


Live trees are essential for the biodiversity of boreal forests. Although forest-dwelling 
species groups have different relationships to live trees and therefore require different 
tree habitats or characteristics, the diversity of all groups generally increases with 
a greater structural diversity of live trees. Rotation forestry simplifies this diversity 
and negatively impacts the various species that depend on live trees. In the past 
decades, however, different restoration and management methods, such as retention 
harvest, have been developed to mitigate these negative impacts. Promoting habitat 
diversity at both the tree and stand scales (e.g., retaining trees of various species, ages, 
and containing different microhabitats) by creating a variable canopy structure or 
applying continuous cover forestry can help maintain the diversity of forest-dwelling 
species in managed stands. In turn, higher biodiversity can increase forest ecosystem 
resilience to climate change (Drever et al., 2006; Loreau, 2000). 

Climate change will affect living trees and the associated biodiversity through 
various direct (e.g., higher disturbance severity and frequency) and indirect (e.g., 
changes in forest management) pathways. Although the responses of boreal tree 
species to climate change have been examined in various studies (e.g., Boulanger 
et al., 2017; Peng et al., 2011), the reaction of other forest-dwelling aboveground 
organism groups is less well known. With various complex effects and interactions, 
the overall changes in communities (e.g., species abundance, diversity, and distri- 
bution) are difficult to predict (but see Villén-Peréz et al., 2020). Finally, if forest 
management practices are modified because of climate change adaptation or mitiga- 
tion (e.g., an increased proportion of broadleaf trees), the effects on forest-dwelling 
species should be assessed and compensated where necessary. 
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Chapter 6 R) 
Deadwood Biodiversity get 


Therese Löfroth, Tone Birkemoe, Ekaterina Shorohova, Mats Dynesius, 
Nicole J. Fenton, Pierre Drapeau, and Junior A. Tremblay 


Abstract Deadwood is a key component for biodiversity and ecosystem services in 
boreal forests; however, the abundance of this critical elementis declining worldwide. 
In natural forests, deadwood is produced by tree death due to physical disturbances, 
senescence, or pathogens. Timber harvesting, fire suppression, and salvage logging 
reduce deadwood abundance and diversity, and climate change is expected to bring 
further modifications. Although the effects of these changes are not yet fully under- 
stood, restoring a continuous supply of deadwood in boreal forest ecosystems is 
vital to reverse the negative trends in species richness and distribution. Increasing 
the availability of deadwood offers a path to building resilient forest ecosystems for 
the future. 
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6.1 Introduction 


Deadwood, which includes standing dead trees, stumps, and downed logs in both 
terrestrial and aquatic habitats, is an important driver of biodiversity in boreal forests 
(Fig. 6.1; Thorn et al., 2020b). Deadwood abundance and its composition—charac- 
terized by deadwood diameter, decay class, tree species, and position—influence the 
diversity and abundance of a variety of organisms, including bryophytes, lichens, 
fungi, beetles, birds, and mammals (Fig. 6.2; Stokland et al., 2012). Saproxylic 
species live in and/or feed on deadwood for at least some part of their life cycle. 
They use deadwood as a direct or indirect food source (e.g., herbivores, detrivores, 
fungivores, predators, parasitoids) and/or as a nesting site or shelter. Epixylic species, 
such as bryophytes and lichens, live on the deadwood surface, and tree seedlings 
often establish on decomposing downed logs (Stokland et al., 2012). The ecosystem 
services that deadwood-associated organisms provide, e.g., decomposition, nutrient 
turnover, and pollination, make them an integral component of the boreal food web 
(Harmon, 2021; Müller et al., 2020). The extensive variability in deadwood-related 
habitats favors a high diversity of specialized species and intricate species interac- 
tions. Consequently, any anthropogenic disturbance that changes the abundance and 
diversity of dead wood alters this biodiversity and ecosystem functioning. The main 
factor currently influencing deadwood abundance in boreal forests is large-scale 
intensive forestry, including biofuel harvesting (Hof et al., 2018), although the influ- 
ence of climate change is also growing (Cadieux et al., 2020; Tremblay et al., 2018). 
In this chapter, we first review deadwood characteristics and dynamics across the 
boreal biome. We then provide a brief overview of the various groups of organisms 
associated with the specific forms of deadwood in terrestrial and aquatic habitats. 
Finally, we examine the anthropogenic factors, including forestry and climate change, 
that alter deadwood forms and abundance in boreal forests. 
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Fig. 6.1 Examples of deadwood types in boreal forests; a kelo tree, b fallen tree, c dead top caused 
by the fungus Cronartium flaccidum or Peridermium pini. Photo credits a, c Ekaterina Shorohova, 
b Therese Lófroth 


6.2 Deadwood Composition and Dynamics in Natural 
Forests 


The volume and diversity of deadwood vary greatly with site productivity, tree species 
composition, forest age, and disturbance history (Table 6.1; Martin et al., 4 
Shorohova & Kapitsa, 2015). High productivity sites, producing more and larger 
trees, also produce more abundant and larger deadwood (Shorohova & Kapitsa, 

). Tree species vary in size, wood quality, and dominant mortality mode (1.e., 
uprooting, decline, or stem breakage), eventually resulting in different types of dead- 
wood (Miiller et al., ). Special deadwood qualities are formed from injured 
and slow-growing trees that form dense and resin-rich wood (Fig. 6.1). Deadwood 
dynamics include the generation and loss (e.g., through combustion, decomposi- 
tion, and overgrowth by vegetation) of deadwood. The cumulative effects of these 
processes, adding and removing deadwood, are reflected in the deadwood volume 
and composition in a given area (Fig. 6.3). 

Late-seral and post-disturbance forests are the two most deadwood-rich habi- 
tats in natural boreal forest landscapes (Siitonen, ; Stokland et al., ). These 
stands are shaped by small-scale mortality processes that provide a relatively constant 
recruitment of recently dead trees (Aakala et al., ; Boulanger & Sirois, 5), 
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Fig. 6.2 Many species depend on deadwood for larval development, foraging, or nesting. Examples 
of the deadwood-dependent species include a the buprestid beetle (Chalcophora mariana) that 
depends on large pine trunks in sun-exposed habitats, b the Black-backed Woodpecker (Picoides 
arcticus), nesting in a dead tree, and c the Pileated Woodpecker (Dryocopus pileatus) nesting in 
a trembling aspen (Populus tremuloides). Photo credits a Kristina Viklund, b David Tremblay, c 
Réjean Deschénes 


which have been identified as critical ecological attributes to many support specialist 
forest-related species (Martin et al., 2020, 2021). Larger-scale disturbances concen- 
trated in time and space, such as fire, storm felling, and insect outbreaks, produce large 
pulses of deadwood (Bergeron et al., 2004; Taylor & MacLean, 2007). Following 
these pulses, deadwood volume decreases over the next 50-100 years before grad- 
ually increasing, although to a much lower level, when either these stands reach 
maturity (Harmon, 2021) or another disturbance occurs (Fig. 6.4). After intense 
disturbances in late-seral boreal forests, deadwood volumes might exceed hundreds 
of m?-ha^! and average 210 m?-ha~! (Table 6.1; Shorohova & Kapitsa, 2015). Less 
severe disturbances also affect deadwood quality by injuring trees; these trees later 
produce tar-rich dead wood that, in turn, provides critical resources for specialized 
fungi, wood-boring arthropods, and avian and arthropod predators (Nappi et al., 
2010). 

Standing dead trees (snags) often constitute a significant part of the basal area of 
trees in natural boreal forests (Nilsson et al., 2002). Tree species differ in standing 
times after death, leading to variable snag dynamics across boreal forests (Aakala 
et al., 2008; Taylor & MacLean, 2007). In eastern Canada, Angers et al. (2011) found 
that the standing time of snags ranged from 15 years for trembling aspen (Populus 
tremuloides) to close to 30 years for jack pine (Pinus banksiana). In Europe, tree 
species such as Scots pine (Pinus sylvestris) can form barkless tar-rich snags having 
a characteristic hard and silvery-gray surface; these snags are known as kelo trees 
(Fig. 6.1). The formation and decay of kelo trees require centuries, and these snags 
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Table 6.1 Examples of estimated deadwood volumes across the boreal biome for various mature 
unmanaged forest types experiencing different disturbance regimes 


Region Forest type Disturbance | Mean (+ Range References 
regime SE) total (m?-ha^!) 
deadwood 
volume 
(m?-ha^!) 
Northwestern | Spruce-dominated Wind/gap 147.7 + 10.8 | - Shorohova 
Russia dynamics and Kapitsa 
(2015) 
Northwestern | Pine-dominated Fire 74.4 £13. |- Shorohova 
Russia and Kapitsa 
(2015) 
Western Canada | Mixedwood Fire 76.1 +41.5 | 3-93 Work et al. 
(SD) (2004) 
Western Canada | Coniferous Fire 93.9 + 18.9 |- Work et al. 
(SD) (2004) 
Eastern Canada | Black spruce (Picea | Fire 3-155 Martin et al. 
mariana) (2018) 
Eastern Canada | Mixedwood Fire/Postfire 0—708 Hély et al. 
succession (2000) 
Finland/western | Scots pine (Pinus Fire 117 Rouvinen 
Russia sylvestris)-dominated and Kouki 
(2002) 
Fennoscandia | Coniferous Fire/gap 20-120 Siitonen 
dynamics (2001) 
Finland and Norway spruce Gap 60 41-170 Aakala 
northwestern (Picea abies) dynamics (2010) 
Russia 
Eastern Scots pine (Pinus = 69.5 22.2-158.7 | Karjalainen 
Fennoscandia | sylvestris) and 
Kuuluvainen 
(2002) 
Eastern Canada | Black spruce (Picea |— 71.33 112 |- Tremblay 
mariana) (>90 y) et al. (2009) 
49.5 + 14.2 
(«90 y) 


form a distinct habitat for specialized wood fungi and lichens (Niemelä et al., 2002; 
Santaniello et al., 2017). The extremely slow recruitment of kelo trees and their 
suitability as firewood have made them a rarity in modern landscapes, and long- 
term conservation and restoration strategies are needed for these unique habitats 
(Kuuluvainen et al., 2017). 

In natural forests, deadwood is lost through consumption by fire, decomposition by 
fungi, bacteria, and animals, and overgrowth by ground vegetation. Although forest 
fires create deadwood, they also consume existing pre-fire deadwood (Hyde et al., 
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Fig. 6.3 Several natural processes impact deadwood dynamics, including wildfires, which add 
(by damaging living trees) and consume deadwood; a hollow trunk after fire, b overgrowth is an 
important process that incorporates deadwood into the soil. Photo credits Ekaterina Shorohova 


2011). The nonfire decomposition rate of deadwood varies with climate, site condi- 
tions, tree species, deadwood size (Shorohova & Kapitsa, 2016), and the composition 
of the decomposer community (Bani et al., 2018). In addition, many wood attributes, 
including annual ring width, wood density, and chemical composition (e.g., resin 
content), affect the decomposition rate (Edman et al., 2006; Venäläinen et al., 2003). 
Finally, the burial of downed deadwood within the soil organic layer affects, for 
example, accessibility to deadwood for colonization by saproxylic insects and its 
utility as habitat for epixylic bryophytes. Burial is faster in sites with a soft organic 
layer, such as peat, and with fast-covering ground vegetation, such as vascular plants 
and Sphagnum mosses (Fig. 6.3; Dynesius et al., 2010). More than a quarter of 
the carbon originating from deadwood in boreal forests is estimated to be stored in 
buried, downed deadwood. Therefore, although this wood is no longer important for 
aboveground biodiversity, it continues to perform important ecosystem functions, 
such as nutrient cycling and carbon storage (Stokland et al., 2016). Deadwood burial 
is affected by several factors that can be altered by climate change, such as microcli- 
mate and the depth of the organic layer (Dynesius et al., 2010; Stokland et al., 2016). 


Fig. 6.4 Deadwood 
dynamics for forests under 
even-aged management, 
after a stand-replacing fire in 
natural forest, and in a 
late-seral natural forest 


— Managed 


= Large-scale disturbance 


Deadwood volume 


— Late seral 
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Burial also interacts with decomposition, as buried deadwood typically decomposes 
at a much slower rate than aboveground deadwood (Stokland et al., 2016). 


6.3 Deadwood Substrates and Their Associated 
Biodiversity 


Deadwood provides numerous ecological niches, and a multitude of species interact 
within the dead wood food web (Fig. 6.5). Species assemblage composition and rich- 
ness in deadwood are affected by tree species, sun exposure, decay stage, wood 
density and diameter, type of rot, cause of death, and whether the stem is standing, 
lying, charred, or in contact with the ground (Hägglund & Hjáltén, 2018; Johansson 
et al., 2017; Kushnevskaya & Shorohova, 2018). 

A well-known example of niche differentiation linked to deadwood diameter is 
bark beetles selecting wood on the basis of bark thickness. For example, the emerald 
ash borer (Agrilus planipennis) attacks ash trees that have a stem diameter within 
a limited range (Timms et al., 2006), and the six-toothed beetle (Ips sexdentatus) 
is restricted to the base of old large-diameter pines (Gilbert et al., 2005). Some 
saproxylic organisms function as keystone species, e.g., the primary spruce bark 
beetle (Ips typographus), which affects more than 100 associated species (Weslien, 
1992). Several invertebrate species use deadwood primarily as nesting sites. Solitary 
bees and wasps dig their nest tunnels into soft decaying wood or use tunnels made by 
other insects. Social wasps and honeybees build their nests in hollow trees, and ants 


Fig. 6.5 Species interactions are an essential part of deadwood dynamics. a The lepidopteran 
Scardia boletella (Tineidae) seen here recently hatched from the saproxylic tinder fungus (Fomes 
fomentarius). Scardia boletella is vulnerable to forest management and is listed as endangered in 
Norway. b Carpenter ants (Camponotus sp.) in a dead balsam fir (Abies balsamea), here excavated 
by the Pileated Woodpecker (Dryocopus pileatus). Photo credits a Tone Birkemoe, b Pierre Drapeau 
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(e.g., Camponotus spp.) excavate their nests into living or dead trees (King et al., 
2018; Westerfelt et al., 2015). Many dipterans use emergence holes and galleries 
from other insects as nest sites (Dennis et al., 2018). 

Below we describe the biodiversity associated with three types of fully dead trees: 
snags, logs, and underwater deadwood. 


6.3.1 Dead Standing Trees (Snags) 


Lichens thrive on snags and often on decorticated stems, such as kelo trees. In 
Fennoscandia and the Pacific Northwest of North America, more than 40% of the 
analyzed lichen species occurred on deadwood, and 10% were found solely on dead- 
wood (Spribille et al., 2008). The pin lichens (calicioid lichens) are the most special- 
ized of the wood-living lichens, and for many species in this group, kelo trees consti- 
tute the main substrate (Santaniello et al., 2017). The specific lichen flora varies with 
snag decay, and there is a distinct shift in assemblage makeup, from species that 
colonized before tree death to species colonizing the barkless surface after bark loss. 
After bark loss, the tree species becomes less important as a factor influencing the 
lichen flora (Lóhmus & Lóhmus, 2001). 

The decay processes of standing deadwood are intrinsically related to saproxylic 
insect activity (Siitonen, 2001), particularly for wood-feeding species that colonize 
dying and dead trees. Saint-Germain et al. (2007) found that wood-feeding insects 
were most abundant in black spruce at the beginning of the decay sequence on fresh 
snags, whereas they observed opposite wood-feeding insect patterns in aspen, as 
insects reached large numbers in snags at the middle- to late-decay stages. These 
results highlight the importance of considering the entire range of decay classes of 
standing deadwood for conservation planning in managed forest landscapes. In a 
study of the substrate requirements of red-listed saproxylic invertebrates in Sweden, 
Jonsell et al. (1998) found that a high proportion of these species require sun-exposed 
deadwood, of which snags are a significant proportion. Typically, snags are inhabited 
by species that thrive in drier and more exposed habitats (Hjältén et al., 2012); an 
example is the beetle Peltis grossa that thrives in snags within clear-cuts (Weslien 
et al., 2011). Hence, leaving standing, sun-exposed deadwood in clear-cuts could be 
an effective means of increasing the breeding substrates for saproxylic invertebrates; 
however, such retention strategies may not be adequate for species living in late-seral 
forests that depend on shaded sites. 

Insects colonizing snags and dying trees are critical food resources for wood- 
peckers (Hammond & Theimer, 2020). Forest stands after natural disturbances often 
represent significant foraging opportunities for these bird species; this includes 
burned areas (Nappi et al., 2010; Versluijs et al., 2020) and forest stands affected 
by insect outbreaks (Rota et al., 2015). However, landscapes characterized by high 
amounts of late-seral forest are also important and provide snags continuously 
over time (Martin et al., 2021; Nappi et al., 2015). Individual woodpecker species 
specialize in specific decay stages of dying and dead trees (Hammond & Theimer, 
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2020), again underlining the importance of a continuous input of standing deadwood 
to ensure a steady supply of suitable foraging trees for the woodpecker community 
(Nappi et al., 2015). 

Dying trees and snags provide cavities for nesting, roosting, and denning for 
10-40% of species of birds (including the families Picidae and Sittidae and the 
order Stringiformes) and mammals (from the order Microchiroptera and the families 
Mustelidae and Sciuridae) in forest ecosystems (Kotowska et al., 2020; Parsons et al., 
2003). In boreal forests, most cavities are produced by avian excavators, mostly 
woodpeckers, whereas few cavities originate through natural tree-decay processes 
(Wesotowski & Martin, 2018). At least 1878 species worldwide (18.1% of all bird 
species in the world) nest in tree cavities, and at least 338 of these species use 
cavities created by woodpeckers (Picidae) (van der Hoek et al., 2017). Cavity-using 
communities form interspecific hierarchical networks called nest webs (Martin & 
Eadie, 1999), where cavity-bearing tree species, cavity-producing agents (excavators 
and decay processes), and nonexcavating cavity users interact. Cavities are created 
every year, reused over time, change as they age (Edworthy et al., 2018), and are 
formed both in living trees showing signs of decay and in dead trees (Drapeau et al., 
2009; Edworthy et al., 2018). Aspens (Populus spp.) are particularly important cavity- 
bearing trees—either natural or excavated cavities—in both North American and 
European boreal forests (Andersson et al., 2018; Parsons et al., 2003). 


6.3.2 Downed Deadwood (Logs) 


The characteristics of lying and standing deadwood differ. Downed deadwood is 
generally moister because it has more extensive ground contact and is shaded; sun- 
exposed logs also occur, particularly after a severe disturbance. Logs contribute to 
the structural diversity of the forest floor and provide nest sites, food, and cover for 
both mammals and amphibians (Fauteux et al., 2012). Because downed deadwood 
in boreal areas is hidden in winter under snow, its importance as foraging sites 
for woodpeckers and other birds is more limited than for snags; however, downed 
deadwood is still used, and its use is likely underestimated (Tremblay et al., 2010). 

Large-diameter logs host a higher number of species (and specialized species) 
than small-diameter logs (Juutilainen et al., 2011). The larger, longer-lasting, and 
more varied deadwood habitat of larger logs partially explains this difference, often 
offering larger proportions of heartwood, an important habitat for some species. For 
example, the hairy pine borer beetle (Tragosoma depsarium) inhabits pine logs larger 
than 25 cm in diameter having large proportions of heartwood and a slow decay rate 
(Wikars, 2004). The polypore fungus Fomitopsis rosea also occurs more frequently 
in larger logs and is favored by the higher wood density of slow-growing trees 
(Edman et al., 2006). However, in old-growth forests having a high availability of 
deadwood, the total log volume per hectare rather than log size may be more critical 
for species diversity and composition, as demonstrated for mosses, liverworts, and 
lichens growing on logs (Kushnevskaya & Shorohova, 2018). 
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The saproxylic insects of logs include several feeding guilds that shift in domi- 
nance as the log decomposes. First, the cambium consumers and their associated 
predators and parasitoids colonize the freshly fallen tree, followed after a few years 
by wood borers, which feed on the wood, and fungivores (Gibb et al., 2013). Species 
feeding on the short-lived but nutritious cambium have short generation times, 
whereas larger wood-boring taxa have life cycles lasting 3-15 years, e.g., Trago- 
soma depsarium, Pytho kolwensis, and Chalcophora mariana (Fig. 6.2; Siitonen & 
Saaristo, 2000; Wikars, 2004). 

Logs are essential hibernation sites for many epigeic and litter-dwelling arthro- 
pods, e.g., carabid beetles and mollusks. For wood ants and small mammals, logs 
can also serve as pathways when foraging (Boucher et al., 2015; Westerfelt et al., 
2015). 

Logs harbor a rich flora of wood-decaying fungi. There is a turnover of fungal 
species during log decomposition, as wood density and C:N ratios decrease and 
moisture and lignin contents increase (Rajala et al., 2011). In unmanaged boreal 
forests, Ascomycetes colonize recently fallen spruce logs, whereas Basidiomycete 
fungi—tesponsible for brown rot—peak during the intermediate decay stages. White 
rot fungi constitute approximately one-fifth of all fungal species in decomposing 
logs, except at the latest decay stages when ectomycorrhizal fungi become dominant 
(Rajala et al., 2012). Bark attached to logs also hosts diverse fungal communities 
that vary during decomposition (Kazartsev et al., 2018). 

Many boreal bryophytes (i.e., mosses and liverworts) grow on fallen logs, and logs 
are often bryophyte biodiversity hot spots. Several ecological groups of deadwood- 
associated bryophytes can be distinguished (Kushnevskaya et al., 2007). Facultative 
epiphytes grow on the lowest parts of living tree trunks and also colonize other parts 
of fallen logs until the midstages of decay (e.g., Ptilidium pulcherrimum). Epixylic 
specialists grow mainly on logs and stumps. Some species (e.g., Lophozia ciliata) 
colonize the bark, whereas others colonize softened barkless logs (e.g., Crossocalyx 
hellerianus, Riccardia palmata, and Lophocolea heterophylla). Opportunistic gener- 
alists colonize at any stage of decay, and epigeic species normally cover the forest 
floor but overgrow the logs as they decay (Dynesius et al., 2010; Kushnevskaya & 
Shorohova, 2018). 


6.3.3 Deadwood in Water 


Deadwood has several vital ecological functions in aquatic environments. Deadwood 
alters river flow and serves as habitat for fish. In lakes, woody debris in the littoral 
zone has proven important for prey fish abundance and predatory fish growth potential 
(Ahrenstorff et al., 2009). Driftwood, i.e., stranded deadwood, harbors a rich fungal 
flora and contributes significantly to the dead wood biodiversity in coastal regions 
(Blanchette et al., 2016). In forest ecosystems, deadwood can link terrestrial and 
aquatic habitats. A key species here is the beaver, which creates substantial amounts 
of deadwood both directly by felling trees and indirectly by flooding forests. The 
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deadwood in water includes rare deadwood types (e.g., aspen in Fennoscandia) in 
areas otherwise rarely affected by stand-replacing disturbances (Thompson et al., 
2016). 


6.4 Species Interactions in Deadwood 


Insects and fungi are the most species-rich taxa in dead wood. Coexisting at least since 
the late Silurian (Misof et al., 2014; Sherwood-Pike & Gray, 1985), this tight coupling 
has resulted in reciprocal adaptations and intricate interactions with profound impacts 
on deadwood dynamics; however, relatively little is known about these interactions 
(Birkemoe et al., 2018), possibly because of the cryptic nature of fungi. One important 
and direct interaction is through feeding (Fig. 6.5a), which is likely to have a signifi- 
cant functional importance for biodiversity and deadwood decomposition. Fungi live 
on insects as parasites, pathogens, and mutualists; insects feed on various forms of 
fungi, including yeast cells, mycelia, and fruiting bodies. Many insect species feed 
directly on fungi, and adding fungi to the diet might be essential for beetles that 
feed primarily on wood, which has low nutritional value. For instance, it has been 
calculated that the longhorn beetle Stictoleptura rubra would require 40-85 years to 
reach adulthood if all its nutrients were obtained from wood, or 13-28 times longer 
than its maximum recorded life-cycle length (Filipiak & Weiner, 2014). 

Bark and ambrosia beetles bring their mutualistic fungi to the colonized trees; 
however, recent studies indicate that insects also disperse nonmutualistic wood- 
decaying fungi (Jacobsen et al., 2018; Seibold et al., 2019). A study identifying wood- 
living fungi from beetles landing on recently cut wood showed that the networks 
between beetles and fungi were comparable in strength to seed dispersal networks 
(Jacobsen et al., 2018) and thus of potential importance for deadwood biodiversity. 
However, the study must be replicated in other systems to determine whether these 
findings can be generalized. 

Insects also farm fungi, as observed in termites and several ambrosia beetles. 
Conversely, some fungi protect insects by reinforcing nest-wall structures (Schlick- 
Steiner et al., 2008), fighting microbial pathogens (Flórez et al., 2015), or degrading 
tree defenses that would otherwise be detrimental to insects. Indirect interactions, 
where fungi or insects modify the deadwood habitat, could also significantly affect 
the insect/fungal communities and their functions. 

In addition to the interactions between insects and fungi, multiple interactions exist 
within these two highly diverse groups. Among insects, predator/prey interactions are 
important for regulating populations. For instance, the bark beetle Tomicus piniperda 
produces fewer offspring when predators are present in high numbers (Schroeder & 
Weslien, 1994). Fungi in deadwood live in constant chemical warfare with other 
fungi (Hiscox et al., 2018), and the war zones can be observed as dark lines in 
deadwood. Many fungi also feed on other fungi (Maurice et al., 2021). Insects also 
compete, facilitate colonization, and produce priority effects, i.e., when initially 
colonizing species determine what species can colonize later. Priority effects have 
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been observed for insects and fungi in the succession and colonization of deadwood 
(Weslien et al., 2011). 

Various other taxa also interact within deadwood. Bacteria is an often overlooked 
but vital part of the deadwood community. Bacteria interact with wood-decaying 
fungi (Johnston et al., 2016), affecting the wood decay rate and fungal species compo- 
sition. Recently, nematode parasites of insects were also found to modify the wood 
decay rate (Davis & Prouty, 2019). Larger organisms, such as shrews, mice, and 
woodpeckers, forage for invertebrates in deadwood. 


6.5 Forest Management Impact on the Deadwood Profile 


Forest management significantly impacts the abundance and diversity of dead- 
wood in boreal forests. Even-aged management, converting deadwood-rich, uneven- 
aged mature, and old forests into even-aged stands, remains the most common 
forestry harvesting approach. Furthermore, forest management promotes fast- 
growing healthy trees and reduces the abundance of slow-growing, injured, and 
unhealthy trees. Consequently, forest management has caused a decline of many 
boreal deadwood-associated species (Siitonen, 2001). Deadwood species are gener- 
ally lower in managed forests than in natural ones, and harvesting intensity and 
time amplify these differences (Junninen et al., 2006). Consequently, regions with a 
long forest management history have smaller populations of specialized deadwood- 
associated species found in fewer sites (Miiller et al., 2013; Nordén et al., 2013). For 
example, the amount of deadwood in intensively managed forests in Fennoscandia 
is considerably lower (4-10 m?-ha~!) than that found in natural stands (Fig. 6.4) (for 
volumes in natural stands, see Table 6.1). Timber harvesting by thinning and final 
felling has caused this decline, exacerbated by the more recent practice of extracting 
woody debris left after harvesting for biofuels (Hof et al., 2018). In contrast, less 
intensive management, in which stands are allowed to self-thin during development 
and smaller pieces of deadwood generated during harvest are left on-site, helps reduce 
declines in deadwood abundance. Thus, significant volumes of deadwood have been 
documented in Russian managed forests, with an average of 28.0 m?-ha^! (Maly- 
sheva et al., 2019) and ranging from 1 to more than 100 m?-ha^! in the Novgorod 
region (Shorohova & Tetioukhin, 2003). Forestry also changes the diameter and decay 
stage distributions of deadwood and disrupts the recruitment of new large deadwood 
items (Martin et al., 2021). In unmanaged forests, large stems often constitute the 
majority of deadwood volume. For example, in spruce-dominated boreal old-growth 
forest, large-diameter (230 cm) dead trees can comprise 42-54% of the volume, 
whereas smaller-diameter stems («10 cm) represent only 1.7-2.7% (Nilsson et al., 
2002; Siitonen, 2001); this pattern is reversed in younger to middle-aged managed 
forests (Stenbacka et al., 2010). 
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6.6 Effects of Climate Change on Deadwood 
and Associated Biodiversity 


Timber harvesting has disfavored deadwood-associated species for decades if not 
centuries, particularly in Europe (Stokland et al., 2012). More recently, climate 
change has put additional stress on forest ecosystems and their biodiversity, as a 
changing climate alters nutrient cycles and disturbance regimes (Tremblay et al., 
2018; Venäläinen et al., 2020). Climate change mitigation may also impact forestry 
practices; for example, logging and biofuel harvesting may increase to substitute for 
fossil-based products. 

Changes in nutrient cycles and disturbance regimes will influence deadwood abun- 
dance and diversity in various ways. In boreal areas, forests are expected to grow 
either faster or slower depending on site-specific conditions (Marchand et al., 2019; 
Miquelajauregui et al., 2019), altering the input of deadwood and deadwood quality, 
e.g., fast growth versus slow growth. The decomposition rate is also expected to 
increase in locations where temperature is currently a limiting factor (Davidson & 
Janssens, 2006); however, the effect on the decomposition rate will largely depend 
on local habitat factors (Bradford et al., 2014). 

Natural disturbances (fire, windthrow, and insect outbreak) are generally expected 
to accelerate in the future, albeit showing large geographic variability (Chap. 3); this 
may limit the long-term development of deadwood in some areas, as trees may not 
have sufficient time to grow large before another severe disturbance strikes (Kuulu- 
vainen & Gauthier, 2018; Seidl et al., 2020). Moreover, the projected reduction of 
large deadwood because of climate change will be exacerbated by forest management 
policies having caused a skewed age-class distribution with a low proportion of old 
forest (Berglund & Kuuluvainen, 2021; Lamarre & Tremblay, 2021). Shorter distur- 
bance return intervals may accelerate the development toward higher proportions of 
young stands and small-diameter deadwood. 

These changes in deadwood abundance, type, and diversity affect deadwood- 
associated species in multiple manners. First, the quantity of insects that emerge 
from a burned tree is proportional to tree diameter (Saint-Germain et al., 2008), 
resulting in cascading effects on predators that depend on this resource, e.g., the 
Black-backed Woodpecker (Picoides arcticus) (Nappi & Drapeau, 2009; Nappi et al., 
2010; Tremblay et al., 2020). These effects contribute to a projected decline of up to 
92% in the potential productivity of the Black-backed Woodpecker under the worst- 
case climate forcing scenario (RCP8.5) (Tremblay et al., 2018). Second, a lower 
abundance of large trees related to an increased fire frequency would reduce the area 
of forests housing large standing or downed deadwood stems, which are typically 
associated with a high species diversity of bryophytes and lichens (Dittrich et al., 
2014). 

Climate change will also alter the distribution and phenology of wood-inhabiting 
species, affecting interactions and food chains. Higher temperatures and a longer 
growing season will affect insect phenology. Depending on the length of the growing 
season, the European spruce bark beetle (Ips typographus) can produce one to six 
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generations per year, and the area prone to outbreaks of this species is expanding 
northward (Romashkin et al., 2020). Likewise, warmer winters in western North 
America have contributed to continuous outbreaks of the mountain pine beetle 
(Dendroctonus ponderosae) on lodgepole pine (Pinus contorta) and other pine 
species, turning the forests from carbon sinks into carbon sources (Kurz et al., 2008). 
Indirect consequences of climate change also include potential effects on insect- 
fungus interactions. For example, phenological mismatches (i.e., relevant species 
life stages no longer co-occur) may emerge between insects and fungi. Insect visits 
of fungal fruiting bodies, and thus spore dispersal, may be disrupted given that 
sporulation is generally determined by environmental cues other than insect emer- 
gence and flight. Similarly, controls on populations may be disrupted if predators and 
their prey no longer co-occur (Ekholm et al., 2020). Such phenological mismatches 
will add uncertainty to the current difficulty in predicting insect outbreaks, including 
significant uncertainties in terms of outbreak duration, intensity, and spatial variation 
(Biedermann et al., 2019; Boulanger et al., 2016). 


6.7 Conclusions and Future Perspectives 


Deadwood profiles, the frequencies and severity of natural disturbances, and manage- 
ment history vary across the boreal zone. Deadwood abundance and quality have 
decreased dramatically in many managed areas, especially in northern Europe, 
and deadwood-associated biodiversity has declined accordingly. Moreover, climate 
change will likely affect the formation and dynamics of deadwood to produce 
concomitant effects on deadwood-associated organisms and the intricate interactions 
and networks associated with this habitat. 

A means of adapting to this massive challenge is implementing new silviculture 
approaches that mimic natural disturbance patterns and their effects on standing and 
fallen deadwood. The retention and maintenance of these biological legacies is a 
tenet of ecosystem-based management, which proposes a diversification of forestry 
practices (Gauthier et al., 2009). These approaches include longer rotations, reten- 
tion forestry, continuous-cover silviculture, and enhanced patch retention of living 
and dead trees in clear-cuts (Felton et al., 2020). When included in forest landscape 
planning, such approaches are likely to attenuate habitat alteration and biodiversity 
loss associated with conventional forest management (Fig. 6.6; Berglund & Kuulu- 
vainen, 2021; Drapeau et al., 2016). For deadwood management, this will necessarily 
require incorporating baseline data on deadwood dynamics and recruitment and the 
biodiversity it supports (Tremblay et al., 2015). Given that deadwood dynamics— 
including recruitment and decay processes—are tree species-specific and support 
taxonomic and functional diversity, live and deadwood retention strategies will have 
to be flexible in regard to the dominant tree species or forest cover types under 
management (Angers et al., 2011). Careful and rigorous planning in managed boreal 
forest landscapes is thus vital to account for a wide range of tree ages and sizes, 
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species, and deadwood decay stages to ensure a steady supply of suitable substrates 
for biodiversity (Drapeau et al., 2009; Edworthy et al., 2018). 

In severely impoverished areas, ecological restoration is needed to maintain 
deadwood-associated biodiversity. Prescribed burning, tree felling, pushing over, 
and girdling, together with green tree retention, have already proven successful 
(Hagglund & Hjältén, 2018; Hágglund et al., 2020), and future research must further 
evaluate the effects of such efforts on biodiversity (Fig. 6.6). It is possible to restore 
some deadwood qualities such as intermediate size classes and early decay stages 
in the short term. Recent reviews (Koivula & Vanha-Majamaa, 2020; Sandstróm 
et al., 2019) show that the artificial addition of deadwood supports a wide range of 
saproxylic species; however, the species composition on artificially created wood 
differs from communities in trees that died naturally. Some species require the active 
creation and conservation of their specific habitats, such as thick-diameter dead wood, 
slow-grown wood, resin-rich wood, wood from injured trees, and wood in forests 
with continuous canopy cover. For substrates and qualities that require a long time 
to regenerate (e.g., large logs of late-decay stage, wood from old trees), it is essential 
to conserve what is left, but also to implement artificial aging, for example by partial 
bark removal. 

Conflicts between deadwood restoration and pest and fire management can occur 
because deadwood is often regarded as a source of pest species and wildfire fuel. 
Salvage logging may lead to ecological traps, i.e., species are attracted to a habitat that 
is too degraded for their survival (Hale & Swearer, 2016), for saproxylic organisms 
on burned areas, and pest control can reduce the recruitment of deadwood (Thorn 
et al., 2020a, 2020b). More research is needed to better balance these conflicting 
goals in an era of climate change. 

Management practices that ensure the continuous availability of deadwood in 
managed boreal forests require monitoring and modeling. Modeling the potential of 
different forest types to produce and maintain deadwood could be a means forward, 


Fig. 6.6 Inheavily managed landscapes, the restoration of deadwood may be necessary. Restoration 
examples include a created high stumps and retention trees at a clear-felling site and b the scouring 
of tree stems to reduce tree vitality. Photo credits a Therese Lófroth, b Joakim Hjältén 
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and accurate models are vital for reliable estimates of deadwood volume and produc- 
tion in both natural and managed stands (e.g., Mikkonen et al., 2020). To conclude, 
both forestry and climate change are interactive challenges for conserving the biodi- 
versity of deadwood-associated species (Tremblay et al., 2018). Conservation and 
restoration efforts must be designed appropriately to provide a continuous supply of 
highly variable forms of deadwood. 
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Abstract Boreal old-growth forests are specific and often undervalued ecosystems, 
as they present few of the structural attributes that usually define old forests in the 
collective culture. Yet, these ecosystems are characterized by exceptional naturalness, 
integrity, complexity, resilience, as well as structural and functional diversity. They 
therefore serve as biodiversity hot spots and provide crucial ecosystem services. 
However, these forests are under significant threat from human activities, causing a 
rapid and large-scale reduction in their surface area and integrity. The multiple values 
associated with boreal old-growth forests should be therefore better acknowledged 
and understood to ensure the sustainable management of boreal landscapes. 
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7.1 The Old-Growth Forest Concept: A General Overview 


Forests considered as “natural” have an important place in our collective conscious- 
ness for cultural, ethical, spiritual, artistic, and aesthetic reasons (Frelich & Reich, 
2003; Kimmins, 2003; Pesklevits et al., 2011; Satterfield, 2002). Interest in these 
forests has also grown continuously during the twentieth century as a source of 
inspiration for establishing sustainable management strategies (Puettmann et al., 
2009). Theories of how to maintain forest biodiversity and ecosystem services include 
forest management based on natural disturbance dynamics (Gauthier et al., 2009) and 
managed stands containing forest-specific structural elements that are considered as 
natural references (Bauhus et al., 2009; Halme et al., 2013). 

Many terms considered synonymous with natural forest have long been used, 
e.g., primary, primeval, pristine, old-growth, virgin, mature, natural, overmature, 
original, or intact forest (Wirth et al., 2009); however, each of these terms represents 
a different ecological concept, and further clarification of the terminology has grad- 
ually taken place over the twentieth century (Frelich & Reich, 2003; Wirth et al., 
2009). The concept of old-growth forest was one of the most important concepts to 
attract the attention of the scientific community, managers, and the general public, 
as it relates to many important current issues related to forests: (1) intrinsic value 
(e.g., academic, cultural, spiritual), (2) exigencies of "closer to nature" management, 
conservation, and restoration strategies, and (3) their role in addressing the chal- 
lenges of climate change and biodiversity loss (Frelich & Reich, 2003; Kuuluvainen 
et al., 2017; Pesklevits et al., 2011; Wirth et al., 2009). 

Defining what an old-growth forest is, and by extension what is not, is nevertheless 
particularly complex. Many definitions have been proposed over time, some of which 
are now debated. These definitions can be grouped into seven main classes (Frelich & 
Reich, 2003; Issekutz, 2020; Kimmins, 2003; Kneeshaw & Gauthier, 2003; Wirth 
et al., 2009): 


Structural a stand that has reached a certain age; the presence of many old trees with 
large diameters; a high volume of deadwood of all decay classes; a high vertical and 
horizontal complexity; the presence of trees of all ages. 


Dynamic: a stand under gap dynamics; the stand has reached the final stage of succes- 
sion; a stand age greater than the return interval of primary disturbances, i.e., distur- 
bances of high severity that reinitiate forest succession; the age of trees exceeding 
their average life expectancy. 


Scale: a continuous forest having a small human footprint over a sufficiently large 
area (forest track, forest massif). 


Functional or biogeochemical: the net primary productivity is equal to or less than 
Zero; the climax concept; a trophic network reaching a given threshold of complexity; 
the presence of all stages of deadwood degradation. 


Economic: a forest that has exceeded the optimum age for harvesting; the volume of 
commercial timber has reached a peak and is now stable or declining. 
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Aesthetic: an impressive forest; invites humility and spirituality. 
Other definitions: undisturbed by humans; covers a minimum area. 


Each of these definitions has its specific limitations and therefore represents a 
different view of what can be considered old growth. The main criticisms generally 
relate to their arbitrary nature, the difficulty of integrating some of these thresholds 
into daily management, and the existence of counterexamples that limit their univer- 
sality (Kimmins, 2003; Pesklevits et al., 2011; Wirth et al., 2009). Other definitions, 
such as the concept of climax defined by Odum (1969), are now generally considered 
too reductionist and consequently ecologically irrelevant (Wirth & Lichstein, 2009). 
Similarly, the degree of human footprint in a forest is more a question of natural- 
ness rather than old-growthness, even if the two concepts are often linked (Frelich & 
Reich, 2003). Old-growth forests are not necessarily primary, i.e., a forest of high 
naturalness almost undisturbed by anthropogenic activities, and, conversely, not all 
primary forests are old growth. For example, a primary forest that recently burned 
due to a wildfire caused by lightning can still be considered primary after the distur- 
bance, as this disturbance does not influence its naturalness. Conversely, a previously 
managed stand that has returned to an old-growth state is not a primary forest because 
of its history, although its abandonment progressively increased its naturalness. From 
a more philosophical perspective, the very concept of old-growth forest is arbitrary, 
artificially classifying forest ecosystems (Pesklevits et al., 2011). Therefore, itis now 
accepted that a universal definition is neither possible nor necessarily desirable. On 
the contrary, definitions of old-growth forests need to be adapted to the ecological 
context of the region under study (Frelich & Reich, 2003; Pesklevits et al., 2011). 
There may therefore be a diversity of definitions restricted to a local scale. Hunter 
and White (1997) offer a less precise but more general definition that is commonly 
used: an old-growth forest is relatively old and minimally disturbed by natural and 
anthropogenic disturbances. 

Moreover, the term old growth actually describes a wide diversity of forests in 
terms of structure, tree species composition, and disturbance history, even within a 
restricted area (Martin et al., 2018; Meigs et al., 2017; Shorohova & Kapitsa, 2015). 
Combining all these attributes influences habitat characteristics markedly at the local 
scale (Kozák et al., 2021). It also underscores the importance of the spatial extent 
and continuity of old-growth forests, as small and insulated old-growth stands are 
not a surrogate for large old-growth areas (Moussaoui et al., 2016; Schmiegelow & 
Mônkkônen, 2002). For these reasons, it is crucial to consider that the forests desig- 
nated as old growth often contain a diversity of structures and composition. Oliver and 
Larson (1996) thus proposed to distinguish true old-growth forests—all the trees of 
the first cohort have died and have been replaced by new shade-tolerant trees—from 
transition old-growth forests in which some individuals of the first cohort are still 
present. This approach still has its limitations, notably its relatively arbitrary nature; 
however, it distinguishes between different types of old-growth forest. Neverthe- 
less, the concept of transition or true old-growth forests can group forests with very 
different structures and compositions (Martin et al., 2018). We therefore propose a 
hierarchical definition of old-growth forests, highlighting the complexity and limits 
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of this concept while making it adaptable to different operational contexts (Table 
7.1). In this chapter, we will use the general definition of old-growth forests as “rel- 
atively old and little disturbed by natural and anthropogenic disturbances" because 
of the great diversity of contexts covered. 

The importance of old-growth forests as biodiversity hot spots is widely recog- 
nized. They contain many structural features that are absent or rare in younger and 
managed stands, such as deadwood of various sizes and decay stages, large trees, and 
high structural complexity (Franklin et al., 2002; Wirth et al., 2009). The diversity 
of old-growth forest attributes and structures within the same forest tract is also an 
essential factor in explaining their importance for biodiversity, as they provide a wide 
range of habitats (De Grandpré et al., 2018; Schowalter, 2017). The high degree of 
forest continuity (i.e., the length of time an area has been continuously wooded) that 
defines old-growth forests is also vital for low-dispersal and disturbance-sensitive 
species that can require decades or centuries to recolonize a stand after a severe 


Table 7.1 Proposition for a hierarchical definition of old-growth forests, depending on the spatial 
scale and the research question addressed. A definition integrating several levels adapted to different 
contexts allows for recognizing the complexity of this ecological concept while offering the 
possibility of adjusting to possible particular cases 


Scale Question/Motivation Definition 


General definition (broad What do we generally consider | Hunter and White (1997) 
concept, international scale) | as “old growth"? definition: “Relatively old and 
little disturbed by natural and 
anthropogenic disturbances” 


Intermediate-scale definition | Which forests can be Definition based on the most 
(country, continent, or biome | considered as old growth in a | relevant ecological criteria at 
scale) given area? the level of the concerned 


territory, with attention to 
possible specific cases 


Coarse small-scale definition | How can we roughly Distinction between transition 

(local scale) distinguish between different | and true old-growth forests 
old-growth forest types within | proposed by Oliver and Larson 
the same landscape? (1996), with the possibility of 


adjusting the thresholds 
depending on the context (see, 
for example, Kneeshaw and 
Gauthier (2003) and Martin 

et al. (2018)) 


Fine small-scale definition How can we finely distinguish | Consideration of the range of 

(local scale) between different old-growth | structural characteristics and 
forest types within the same tree species composition that 
landscape? old-growth forests can take 


depending on the successional 
process, the action of natural 
disturbances, and the influence 
of abiotic conditions 
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disturbance (McMullin & Wiersma, 2019). However, many forest species are depen- 
dent on younger forests (Drapeau et al., 2003; Fenton & Bergeron, 2011), while 
certain attributes often associated with old-growth forests may also be abundant in 
young forests that have been recently disturbed, e.g., deadwood (Donato et al., 2012). 
Overall, primary forests generally contain stands of all ages, the proportions of which 
depend on the natural disturbance regime (Kneeshaw et al., 2018). Thus, old-growth 
forests do not necessarily host maximum species diversity. 

The importance of old-growth forests is not limited to their role as habitats for 
biodiversity. In the context of climate change, the importance of old-growth forests 
for the long-term sequestration of atmospheric carbon is, for example, a concrete 
ecosystem service, acting for the benefit of all (Lafleur et al., 2018; Vedrova et al., 
2018). Watson et al. (2018) also listed many services provided by intact forests 
and, by extension, old-growth forests, such as regulating local and regional weather 
regimes, buffering against the transmission of new diseases, and providing a source 
of yet unexplored scientific knowledge. The cultural value attributed to old-growth 
forests, whether in terms of aesthetics, intrinsic value, or spirituality, should also 
be considered (Kimmins, 2003; Satterfield, 2002). The tensions and conflicts regu- 
larly observed for issues related to the management and protection of old-growth 
forests, e.g., between economic and environmental actors, can be partly explained 
by the strong cultural and social values attributed to these forests (Kimmins, 2003; 
Pesklevits et al., 2011; Satterfield, 2002). Although this chapter focuses mainly on 
old-growth forests through the perspective of forest ecology and management, we 
also invite the reader to explore the insights from the social sciences and humanities 
on this subject. 


7.2 Can the Distinctive Characteristics of Boreal Forests 
Help Us Rethink Old-Growth Forests? 


Boreal old-growth forests are one of the counterexamples limiting the relevance 
of broad-scale old-growth definitions. Forests in this biome are generally charac- 
terized by a relatively low diversity of tree species, and many of these species are 
also found at the beginning or end of forest succession (Angelstam & Kuuluvainen, 
2004; Harvey et al., 2002; Shorohova et al., 2011). This particularity challenges stan- 
dard forest succession models, where the replacement of pioneer shade-intolerant 
species by shade-tolerant species is one of the conditions defining the old-growth 
stage (Oliver & Larson, 1996; Wirth et al., 2009). Harsh climatic conditions and 
low site fertility also limit tree growth and size, resulting in stands defined by a 
relatively simple vertical structure compared with what is commonly expected from 
old-growth forests (Bergeron & Harper, 2009). Martin et al. (2020b) highlighted the 
numerous similarities among the vertical structures of even-aged and old-growth 
black spruce (Picea mariana)-dominated stands. However, this type of structure 
may also partially result from a particular regeneration dynamic, where the black 
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spruce understory remains limited as long as the canopy is not disturbed (Martin 
et al., 2020d). A similar pattern has also been observed in Norway spruce (Picea 
abies) forests in Finland and Russia (Shorohova et al., 2008, 2009). Moreover, the 
process of paludification, i.e., the gradual thickening of the organic horizon under 
poor drainage conditions (Fenton et al., 2005), can markedly reduce stand produc- 
tivity (Bergeron and Fenton 2012). This process eventually creates forests composed 
of trees of very small diameter and height despite their old age. The productivity 
decline caused by paludification in boreal old-growth forests is nevertheless gener- 
ally restricted to specific environmental conditions; old-growth forests situated on 
sufficiently drained sites retain their structure over the centuries (Pollock and Payette 
2010; Shorohova et al., 2008). 

Tree diameter and stand volume are also relatively low compared with forests of 
other biomes (Fig. 7.1). The presence of very large living or dead trees—generally 
defined by a diameter at breast height between 70 and 100 cm; (Gosselin & Larrieu, 
2020; Spies & Franklin, 1991)—is often considered as one of the key attributes of old- 
growth forests, for either ecological or cultural reasons, e.g., because very large trees 
give a sense of greatness and oldness (Kimmins, 2003; Paillet et al., 2017; Wirth 
et al., 2009). Some types of boreal old-growth forest can contain trees of notable 
size (e.g., diameter at breast height 240 cm), such as Scots pine (Pinus sylvestris), 
Norway spruce, or balsam fir (Abies balsamea)—white birch (Betula papyrifera) 
stands (Desponts et al., 2004; Lilja & Kuuluvainen, 2005; Shorohova et al., 2009). 
Yet, very large trees can be rare if not completely absent from many boreal old-growth 
forests, as observed in eastern Canada (Bergeron & Harper, 2009). These examples 
illustrate that tree size is unreliable for defining old-growth forests, as this attribute 
can vary enormously from one boreal old-growth forest type to another (Fig. 7.1). 
Moreover, large trees in old boreal forests are mainly softwood species, as hardwood 
species are generally pioneer taxa. The value of large trees for ecological, economic, 
and aesthetic reasons has been often emphasized (Lindenmayer et al., 2014; Lutz 
et al., 2018; Paillet et al., 2019), explaining their importance in the discussions related 
to old-growth forests. Poplar species (e.g., Populus tremula in Eurasia and Populus 
tremuloides in Canada) are often the larger hardwood species than can be found in 
boreal landscapes, even though these fast-growing species are generally restricted to 
the youngest successional stages and specific abiotic conditions (Hardenbol et al., 
2020; Harvey et al., 2002). It should be noted, however, that some counterexamples 
of multicohort Populus tremuloides do exist (Cumming et al., 2000). Similarly, hard- 
wood species can sometimes be found mixed in small proportions with conifers in 
some old-growth boreal forests because of natural disturbances (Bergeron & Harper, 
2009; Vehmas et al., 2009), thus increasing habitat diversity in these forests. 

The small tree size in boreal forests thereby limits deadwood volume and large 
log density in boreal old-growth stands. This scarcity of deadwood can be reinforced 
by the rapid burial of fallen dead trees in soils dominated by moss species (Stokland 
etal. 2016). Boreal old-growth forests can therefore contain a large volume of almost- 
intact deadwood within the soil organic layer, although not immediately apparent at 
the surface. Hence, several studies in eastern Canada found no significant changes 
in visible deadwood volume in old-growth forests of different ages or differing in 
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Fig. 7.1 Mean (circles) and 95% confidence intervals (vertical black bars) for a tree density, b 
basal area, c quadratic mean diameter, and d downed deadwood volume among temperate and 
coniferous old-growth forests from the literature review of Burrascano et al. (2013) and those of 
boreal old-growth forests differing in terms of location, tree species composition, and disturbance 
history. 1 Burrascano et al. (2013), 2 Martin et al. (2018), 3 Desponts et al. (2004), 4 Lundqvist 
et al. (2019), 5 Stavrova et al. (2020), 6 Shorohova and Kapitsa (2015), 7 Bondarev (1997). Survey 
methodologies, e.g., the minimum size of sampled trees, may vary between sources 
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the degree of first-cohort replacement (Bergeron & Harper, 2009; Martin et al., 
2018). Marked variability in abiotic conditions (e.g., drainage and surficial deposits) 
and disturbance dynamics (e.g., disturbance agent, severity, and recurrence) also 
characterizes the boreal biome at the local to global scale (Kneeshaw et al., 2011; 
Kuuluvainen & Aakala, 2011; Shorohova et al., 2011). Dead wood dynamics, either 
in terms of input, decomposition, or burial, can thereby vary markedly between two 
different locations or periods (Aakala, 2011; Shorohova & Kapitsa, 2015; Stokland 
et al. 2016). Although a small volume of visible deadwood may define some boreal 
old-growth forests, other nearby old-growth stands can hold a substantial volume of 
deadwood (2150 m?/ha) (Martin et al., 2018; Shorohova & Kapitsa, 2015), again 
highlighting the diverse nature of these ecosystems. 


7.3 The Exceptional Ecological Value of Boreal 
Old-Growth Forests 


7.3.1 An Important Aspect of the Last Great Tracts of Intact 
Forest 


Primary forests continue to decline rapidly and often represent small and isolated 
patches within degraded areas (Potapov et al., 2017; Sabatini et al., 2018). Most of 
the large tracts of remnant primary forests are now in remote boreal and tropical 
regions (Fig. 7.2) (Achard et al., 2009; Kuuluvainen et al., 2017; Potapov et al., 
2017). For the boreal zone, most of these forests are found in Canada and Russia, as 
forestry activities have drastically modified most northern Fennoscandian forest land- 
scapes (Sabatini et al., 2018). Because natural disturbances are essentially defined 
by a low to moderate severity in northern Fennoscandia, old-growth forests were 
initially abundant in preindustrial landscapes (Shorohova et al., 2011). Neverthe- 
less, forestry activities caused a rapid decline and almost complete loss of their 
surface area (Ostlund et al., 1997; Sabatini et al., 2018). In northern Fennoscandia, 
the remaining old-growth forests are thus often isolated in small areas and poorly 
accessible territories (Sabatini et al., 2018; Svensson et al., 2020). Consequently, 
populations of many forest species have declined sharply through the loss and frag- 
mentation of their habitats (Esseen et al., 1992). Restoration strategies have since 
been successfully implemented, but conservation remains far more effective than 
having to restore altered ecosystems (Halme et al., 2013). The example of the boreal 
forests of northern Fennoscandia is thus a warning of the ecological risks of the 
disappearance of old-growth forests and must therefore be considered in areas where 
these forests are still present. 

Not all primary boreal forests are, however, old-growth forests, and their abun- 
dance may significantly vary from one region to another, depending on the charac- 
teristics of the natural disturbance regime (Shorohova et al., 2011). Because of the 
generally random distribution of wildfires, the main primary disturbance in boreal 
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Fig. 7.2 Intact forest landscapes (dark green) in the forested regions (light green) in the Northern 
Hemisphere as determined by Potapov et al. (2017). Intact forest landscapes are defined as a “seam- 
less mosaic of forests and associated natural treeless ecosystems that exhibit no remotely detected 
signs of human activity or habitat fragmentation and are large enough to maintain all native biolog- 
ical diversity, including viable populations of wide-ranging species" (Potapov et al., 2008). Most 
remaining intact forests are situated in the northern areas of the forested zone, hence in the boreal 
biome 
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forests, large portions of the forest can remain untouched by this disturbance for 
extended periods, even in landscapes with recurring fires (Kneeshaw et al., 2018). 
The variability in definitions of old-growth forests makes it difficult to obtain a 
general picture of their proportion in boreal landscapes. Using the overall natural 
disturbance regimes identified by Shorohova et al. (2011), we can estimate that old- 
growth forests are the dominant successional stage in the eastern and western parts 
of North America and Eurasia, as the fire cycles are relatively long. In contrast, the 
central parts of these continents are generally defined by a shorter fire cycle, implying 
a reduced presence of old-growth forests (Belleau et al., 2007). Nevertheless, this 
abundance of continuous and vast tracts of forests with high naturalness containing 
both old-growth and younger forests in the boreal biome is vital for many species 
(Venier et al., 2018). Woodland caribou (Rangifer tarandus caribou) is an example 
of the biological value of large natural forest areas. This subspecies of Rangifer 
tarandus, which is specific to North America, requires vast (21,000 km?) forest 
areas having a high proportion of mature and old-growth forests (Kneeshaw et al., 
2018). Their populations are declining rapidly because of direct and indirect anthro- 
pogenic disturbances modifying the characteristics of their habitats, in particular the 
loss of old-growth forest areas and unfavorable predation dynamics (Venier et al., 
2014). Similarly, Schmiegelow and Mónkkónen (2002) and Cadieux et al. (2020) 
highlighted that avian communities dependent on old boreal forests are vulnerable 
to the fragmentation of their habitats caused by the rejuvenation of the boreal land- 
scapes. Species with low dispersal capacity, e.g., arthropods and nonvascular plants, 
may have difficulties adapting to new environmental conditions where the residual 
old-growth forest area is too small and isolated (Barbé et al., 2017). 

Because of their remoteness and the harsh climatic conditions, large tracts 
of primary boreal forests were generally spared by human activities during the 
Holocene. Archaeological evidence shows First Nations in North America purposely 
influenced forest fire dynamics long before European colonization, but this anthro- 
pogenic influence on forests was probably limited and had a similar effect on forests 
as wildfires (Munoz & Gajewski, 2010). In contrast, forests considered primary or 
highly natural in areas characterized by a continuous human presence over centuries, 
such as Europe or northwestern Russia, may show ancient traces of forest manage- 
ment, deforestation, and agricultural activity (Jaroszewicz et al., 2019; Shorohova 
et al., 2019a). Although not immediately visible, they can durably modify certain 
environmental conditions and thus the associated biodiversity (Dambrine et al., 
2007). 

Anessential part of boreal old-growth forests therefore belongs to vast, continuous 
massifs of highly natural forests. This temporal and spatial continuity is critical 
for biodiversity (McMullin & Wiersma, 2019; Venier et al., 2018). Such forests, 
however, are becoming increasingly rare because of the impact of human activities, 
old-growth forests generally being the first stands to disappear (Aksenov et al., 1999; 
Cyr et al., 2009; Martin et al., 20202). Maintaining or restoring large areas of intact 
forest containing a high proportion of old-growth forest in boreal landscapes must 
be prioritized for maintaining associated habitats (Sabatini et al., 2020; Venier et al., 
2018). 
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7.3.2 High Habitat Diversity Characterizes Boreal 
Old-Growth Forests 


Although boreal old-growth forests generally contain few large trees and few tree 
species, these ecosystems are characterized by a high diversity of structures (Fig. 7.3). 
For example, Martin et al. (2018) identified 11 different old-growth forests types 
within a 2,200 km? area, defined by specific structures, e.g., canopy cover, basal 
area, the volume of downed wood debris, and composition (varying proportions of 
black spruce and balsam fir). This diversity observed within a relatively restricted 
landscape resulted from different environmental conditions, e.g., surficial deposits 
and drainage, and disturbance history, e.g., time since the last high-severity and 
moderate-severity secondary disturbances (Martin et al., 2018, 2020c). These results 
are in line with other studies that highlighted the heterogeneity in stem diameter 
distribution, aboveground biomass, and tree species composition observed in the 
boreal old-growth forests of eastern Canada (McCarthy & Weetman, 2007; Mous- 
saoui et al., 2019; Portier et al., 2018). A high internal diversity for these ecosystems 
has also been demonstrated in northern Fennoscandia and Russia, where tree species 
composition, disturbance regime, and abiotic composition can greatly vary among 
landscapes (Shorohova et al., 2009, 2011). Primary forests dominated by Norway 
spruce in the alpine regions of eastern Europe (Kozák et al., 2021; Meigs et al., 2017; 
Trotsiuk et al., 2014) also provide examples of old-growth dynamics, where such 
reference forests are now almost entirely absent. Boreal old-growth forests are there- 
fore dynamic and diverse ecosystems, from the circumboreal to the local scale. The 
scarcity of obvious attributes, e.g., very large and tall trees, may nevertheless chal- 
lenge the recognition of these ecosystems, particularly within large and remote areas 
where forest surveys are based mainly on remote sensing. For example, Martin et al. 
(2020b) highlighted that the vast majority of boreal old-growth forests in Québec, 
Canada, were not identified as such in provincial surveys, probably because the 
applied size and structure criteria, defined for use in temperate forests, are unsuitable 
for boreal forests. 

The secondary disturbance regime of boreal forests (i.e., a disturbance of low 
to moderate severity that does not reinitiate forest succession) is defined by a high 
diversity in its nature, periodicity, spatiality, and severity from the local to the circum- 
boreal scale (Chap. 3; De Grandpré et al., 2018; Kuuluvainen & Aakala, 2011; 
Shorohova et al., 2011). The characteristics of the disturbance history at the local 
scale characterize part of forest structural attributes, hence the habitats it contains 
(Martin et al., 2020c; Meigs et al., 2017) (Fig. 7.4). For example, spruce budworm 
(Choristoneura fumiferana) outbreaks in eastern Canada are top-down disturbances, 
first killing tall balsam fir trees and progressing toward the understory and spruce 
species as the outbreak increases in severity (Morin et al., 2009). Windthrow will also 
kill the tallest trees first. Relative to spruce budworm outbreaks, this latter distur- 
bance is less species-specific and creates fewer snags, produces more fallen logs, 
and generates more tips and mounds, the latter providing habitats for many forest 
species (De Grandpré et al., 2018). In contrast, surface fires will generally kill the 
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Fig. 7.3 Old-growth forests can represent a wide diversity of structures, composition, and dynamics 
at the local and circumboreal scales. a Balsam fir (Abies balsamifera) forest in eastern Canada that 
was severely disturbed 40 years ago by a spruce budworm outbreak. This disturbance produced 
a stand having a relatively simple diameter structure despite a multicohort age structure and a 
large deadwood volume; b a large white spruce (Picea glauca) surrounded by smaller balsam fir 
trees in eastern Canada; c a mixed Siberian larch (Larix sibirica), Scots pine (Pinus sylvestris), 
and Norway spruce (Picea abies) forest in western Russia; d a primeval northern boreal Scots 
pine forest driven by periodic surface fires; e a Norway spruce forest in eastern Russia recently 
disturbed by moderate-severity windthrows, creating a diversity of soil microhabitats; f a dense black 
spruce (Picea mariana)-balsam fir forest in eastern Canada driven by low-severity disturbances; g 
a paludified black spruce forest in eastern Canada. Trees are generally small, but their age can often 
exceed 250 years; h buried deadwood pieces at various stages of decay in a black spruce forest in 
eastern Canada. A very large portion of deadwood in boreal old-growth forests can be hidden in 
the soil organic layer; i a large Siberian pine (Pinus sibirica) log in eastern Russia. These stems 
may require more than 1,000 years to decompose, sequestering carbon and nutrients and providing 
a habitat for many wood-inhabiting species; j a white spruce with a large wound exposing sapwood 
in eastern Canada. The disturbance dynamics and the presence of trees from all ages and sizes in 
old-growth forests favor the development of tree-related microhabitats, necessary for many species. 
Photo credits a b f-h j Maxence Martin, c-e i Ekaterina Shorohova 


understory but preserve the overstory, particularly in pine forests (Mosseler et al., 
2003; Shorohova et al., 2009). Secondary disturbances, however, also greatly vary in 
severity, even for asame disturbance event within a restricted area (Khakimulina et al., 
2016; Martin et al., 2019). This variability creates complex matrixes of old-growth 
forest structures (Kulha et al., 2020; Kuuluvainen et al., 2014). This complexity is 
also reinforced by variable local abiotic factors that may increase stand sensitivity 
to a certain disturbance type, e.g., windthrow and hilly topography, or favor tree 
species that are more susceptible to specific disturbance agents, e.g., balsam fir and 
spruce budworm outbreaks (De Grandpré et al., 2018). Current knowledge about 
the complexity of secondary disturbances is, however, still limited. Kuuluvainen 
and Aakala (2011) classified secondary disturbance severity into three classes of 
forest dynamics: gap, patch, cohort. They stressed that patch dynamics, i.e., canopy 
openings between 200 and 10,000 m?, have been little studied in Scandinavian 
forests. Hart and Kleinman (2018) expressed a similar concern, highlighting that 
moderate-severity disturbances, also called intermediate-severity disturbances, have 
been generally overlooked in favor of low-severity (e.g., gap dynamics) or high- 
severity (e.g., crown fire) disturbances. The cumulative impact of disturbances over 
the centuries, such as recurrent insect epidemics of moderate severity, on the struc- 
ture and dynamics of old-growth forests also remains to be determined (Martin 
et al., 2019). Similarly, the dichotomy between young/simple forests following high- 
severity disturbances and old/complex forests boosted by low-severity disturbances 
is questioned, and more elaborate successional models are now proposed (Donato 
et al., 2012; Meigs et al., 2017). Therefore, although there is growing interest in the 
complex effects of secondary disturbances in boreal landscapes, our knowledge of 
these dynamics is incomplete. 
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Fig. 7.4 a An example of the changes in structure and composition that an old-growth forest in 
eastern Canada may follow over time; b possible changes in the frequency of species defined by 
different ecologies in this old-growth forest as a function of its change 


Overall, the diversity in stand structural attributes and forest history creates a 
wide variety of habitats that can differ markedly from one stand to another. A greater 
vertical and structural complexity favors more diversity in forest species such as 
invertebrates and epixylics (Desponts et al., 2004; Rheault et al., 2009; Schowalter, 
2017). Deadwood-related species often depend on specific substrate characteris- 
tics, e.g., tree species, decay stage, contact with the ground, cause of death, and 
size (Janssen et al., 2011; McMullin et al., 2010; Stokland et al., 2012), and the 
high abundance and diversity of deadwood at the stand scale often results in greater 
deadwood-related species richness (Lassauce et al., 2011; Wagner et al., 2014). Kozak 
et al. (2021), for example, underscored that the characteristics of the secondary 
disturbance regime, e.g., severity, frequency, and time since the last disturbance, 
strongly influence saproxylic beetle diversity in alpine forests dominated by Norway 
spruce. Similarly, trees that survived a disturbance can also act as refugia for low- 
dispersal species, such as lichens, facilitating their recolonization of a disturbed area 
(Zemanova et al., 2017). However, the link between biodiversity and old-growth 
forest attributes can be unclear. Forest age, i.e., time since the last stand-replacing 
disturbance, for example, is a commonly applied indicator. Some species, e.g., birds 
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and nonvascular plants, may be highly dependent on this variable, whereas other 
taxa may not (Drapeau et al., 2003; Fenton & Bergeron, 2011). This variability can 
be partly explained by species-specific requirements in terms of habitat, ecological 
continuity, and landscape. Moreover, two old-growth forests of the same age can be 
defined by very different structures because of local abiotic conditions and distur- 
bance history (Martin et al., 2018), implying markedly different habitats (Martin 
et al., 2021a). Similarly, landscape structure around a given old-growth forest can 
also strongly influence its use by some forest species, e.g., birds and mammals (Faille 
et al., 2010; Schmiegelow & Mönkkönen, 2002; Tremblay et al., 2015). For these 
reasons, although forest age is a relevant indicator, it is not sufficient on its own. 

Many abiotic, historical, and spatial factors can hence influence the characteris- 
tics of old-forest habitats and their attractiveness to boreal species. The complexity 
of the interactions between these factors can make it difficult to identify clear 
links between the structural/functional biodiversity and specific structural/ecological 
attributes (Burrascano et al. 2018; Kozák et al., 2021; Larrieu et al., 2018). Exper- 
iments in close-to-nature silvicultural practices can be effective in gaining a direct 
understanding of how disturbance dynamics can influence biodiversity (Fenton et al., 
2013; Franklin et al., 2019; Koivula and Vanha-Majamaa 2020). Given that these are 
anthropogenic disturbances, e.g., use of heavy machinery, wood removal, and soil 
disturbance, it can be difficult to compare them with natural disturbances. Yet, certain 
types of old-growth forests, especially those more productive stands—and therefore 
of greater economic value—are more threatened by human activities than others 
(Martin et al., 2021b). This pattern is consistent with a general trend worldwide 
where the remaining intact forests are the least attractive for human use (Joppa & 
Pfaff, 2009). It implies that the risk of losing specific habitats, e.g., habitats observed 
almost exclusively in the most productive forests, could go unnoticed if boreal old- 
growth forests continue to be considered homogeneous ecosystems. Although the 
example of the boreal forests of northern Fennoscandia gives us an idea of the general 
consequences of old-growth forest rarefaction, it may not be sufficient to accurately 
understand what can be potentially lost. Therefore, a better understanding of the 
factors influencing the structural and habitat diversity of old forests, both at the stand 
and landscape scales, is necessary to maintain the associated biodiversity. 


7.4  Ecosystem-Based Management of Boreal Old-Growth 
Forests: Where to Start? 


7.4.1 Accurately Identifying Old-Growth Forests 


One of the main challenges for sustainable management of old-growth forests is 
the need for operational definitions. Defining those stands that can be considered 
(or not) as old growth has been a recurrent issue for forest ecologists and managers 
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(Hendrickson, 2003; Pesklevits et al., 2011; Wirth et al., 2009). This difficulty is rein- 
forced for boreal forests, where the scarcity of obvious old-growth attributes further 
complexifies this task (Bergeron & Harper, 2009; Martin et al., 2020b). Issekutz 
(2020), for instance, underscored that only six of the Canadian provinces (Québec 
excluded) have an operational definition and that there was little consistency between 
these definitions (e.g., variable age thresholds between and within provinces, use of 
different indicators of stand or landscape structure). In Québec, forests are classified 
as old growth if their age exceeds 80 years in the balsam fir-white birch biocli- 
matic domain and 100 years in the black spruce-feathermoss bioclimatic domain 
(MFFP 2016). This definition can be considered close to those of other provinces 
for boreal forests (e.g., Ontario, Saskatchewan), although some differences remain 
(Issekutz, 2020). Nonetheless, some stands can attain the old-growth stage well 
before (Cumming et al., 2000) or after (Kneeshaw & Gauthier, 2003; Martin et al., 
2018) the age thresholds used by Québec. This issue mainly concerns boreal territo- 
ries where primary forests are still abundant. In the case of northern Fennoscandia, 
where most forests are managed, detailed knowledge of these landscapes’ history 
facilitates the identification of remnant old-growth forests. 

Accurately identifying these ecosystems at a large scale is also challenging. 
Because of the limited longevity of some boreal species, taking core samples to 
determine tree age provides only limited information (Garet et al., 2012; Knee- 
shaw & Gauthier, 2003). The typical suppression period for trees in old-growth 
forests is sometimes challenging to account for, causing an underestimation of forest 
age (Krause and Morin 2005; Marchand & DesRochers, 2016). The remoteness 
and vastness of boreal landscapes nevertheless prevent exhaustive field surveys in 
many regions. Aerial photographic surveys can cover large areas and have often 
been used; however, their accuracy in identifying old-growth forests has been ques- 
tioned (Martin et al., 2020b). Therefore, it remains necessary to assess whether this 
misclassification is an inherent limitation of this inventory method or whether it 
stems from the use of unsuitable criteria for boreal forests. Other techniques have 
been explored over the last decades for a more straightforward and more accurate 
classification of forest ecosystems, in particular the use of LiDAR (light detection 
and ranging). This technology has provided promising results in identifying old- 
growth structures in temperate forests (Kane et al., 2010; Torresan et al., 2016). 
However, related studies involving boreal forests are currently lacking, as current 
predictive models of forest age generally end at a relatively early age, e.g., 100 or 
160 years (Maltamo et al., 2020; Wylie et al., 2019). Multispectral airborne imagery 
can also complement LiDAR for identifying and discriminating old-growth forests 
within boreal landscapes (Zhang et al., 2017). Although promising, these methods 
still require further studies to evaluate their ability to accurately evaluate the old- 
growthness of boreal stands and identify the structural diversity of these stands at 
a fine scale. Developing new innovative and effective forest survey tools able to 
discern the complexity of boreal landscapes at a fine scale is essential for ensuring 
the sustainable management of old-growth forests. 
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7.4.2 Reducing Anthropogenic Pressure on Old-Growth 
Forests 


Anthropogenic activities severely degrade and fragment boreal old-growth forests, 
in particular by applying short-rotation, i.e., having a shorter return period than the 
natural primary disturbance regime, and clear-cut-based forestry (Aksenov et al., 
1999; Cyr et al., 2009; Kuuluvainen & Gauthier, 2018). Other disturbances, such as 
mining and oil and gas extraction, can also severely damage natural boreal landscapes 
(Venier et al., 2014). Industrial-scale forestry is nonetheless a particularly specific 
disturbance, as it generally targets old-growth forests first (Bouchard and Pothier 
2011; Martin et al., 2020a; Östlund et al., 1997). The scarcity of remnant old-growth 
forests in northern Fennoscandia provides a striking example of the possible conse- 
quences of forest management that excessively exploits old-growth forests. Without 
explicit constraints favoring old-growth forest protection, simulations for eastern 
Canadian forests show that these ecosystems will disappear in the coming decades 
(Bergeron et al., 2017; Didion et al., 2007). Therefore, it is urgent to decrease the 
logging pressure on old-growth forests in landscapes where they are still present, as 
it is easier to protect than to restore the systems (Halme et al., 2013). 

In addition to the reduction of old-growth areas, clear-cut-based forestry also 
leads to changes in tree species composition (Bouchard and Pothier 2011; Boucher & 
Grondin, 2012; Kuuluvainen et al., 2017), landscape homogenization and fragmenta- 
tion (Faille et al., 2010; Schmiegelow & Mönkkönen, 2002), and a decrease in dead- 
wood richness (Jonsson & Siitonen, 2012; Moussaoui et al., 2016). In the context of 
ecosystem-based management, new management strategies are necessary to maintain 
the habitats and services related to boreal forests. A combination of clear-cuts having 
a longer rotation, careful salvage logging, active forest restoration, retention forestry, 
and continuous-cover forestry, coupled with an investment in disturbance suppres- 
sion, are the leading proposals for achieving a balance between sustainable wood 
provision and environmental objectives (Bauhus et al., 2009; Eyvindson et al., 2021; 
Halme et al., 2013; Kuuluvainen, 2009; Leduc et al., 2015; Shorohova et al., 2019b). 
For example, numerous recent experiments underscore the efficacy of low-intensity 
continuous-cover forestry to maintain old-growth attributes and the associated biodi- 
versity (Fenton et al., 2013; Franklin et al., 2019; Koivula and Vanha-Majamaa 
2020). 

However, the economic feasibility of these alternative strategies is still debated, 
particularly for remote boreal regions, and will undoubtedly be an important social 
question in the coming years (Kneeshaw et al., 2018). In regions already heavily 
modified by forestry practices, it has been demonstrated that economic bene- 
fits outweigh the costs (Eyvindson et al., 2021; Ruel et al., 2013). The benefits 
of ecosystem-based management alternatives may be significantly reinforced by 
targeting high-quality wood products for harvest (Rijal et al., 2018) or by including 
ecosystem services in the financial balance (Anielski & Wilson, 2005). Nevertheless, 
a certain precaution is required in developing alternative management strategies; for 
example, by removing deadwood, salvage logging can negatively affect species that 
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depend on this habitat (Nappi et al., 2004; Thorn et al., 2018; Waldron et al., 2013). 
Continuous-cover forestry can lose its benefits if the harvest rate is too high (Fenton 
et al., 2013; Franklin et al., 2019). Similarly, the extension of road networks through 
primary forest landscapes to apply alternative methods can also accentuate prob- 
lems of fragmentation and the modification of trophic networks (Venier et al., 2018). 
Finally, strategies for conserving intact boreal old-growth forest tracts mainly on 
the basis of area thresholds are insufficient, as some old-growth forest types—often 
those with the highest market value—can be under much greater pressure than others 
(Martin et al., 2020a, 2021b; Fig. 7.5). 


[73 Old-growth type 1 (very low wood volume) 
EM Old-growth type 2 (low wood volume) 

EM Old-growth type 3 (moderate wood volume) 
Wl Old-growth type 4 (high wood volume) 

Bl Logged areas 

-16% Decrease in old-growth forest surface 
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Fig. 7.5 Conceptual scheme of the impact of logging on old-growth forests if only their surface 
area and not their structural diversity are considered. In this example, old-growth forests can be 
divided into four types (e.g., different structures and/or composition) distributed along a gradient 
of merchantable wood volume and, therefore, a gradient of economic interest. A conservation 
strategy that aims to maintain 5096 old-growth forest could then have a very different impact on 
the residual landscape depending on the criteria used to select the harvested forests: profit-based 
strategy (objective of maximum profitability from logging, and the more economically valuable 
old-growth forests are logged first) or the conservation of preindustrial diversity (the proportions 
of the various old-growth forest types are the same before and after logging) 
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7.4.3 What is the Place for Boreal Old-Growth Forests 
in an Uncertain Future? 


Climate change will markedly modify boreal landscapes in terms of, for example, 
disturbance dynamics and tree species composition and hence the characteristics of 
the oldest forests (Bouchard et al., 2019; Gauthier et al., 2015; Seidl et al., 2017). 
Nonetheless, evaluating the impacts of climate change on boreal old-growth forests 
remains challenging, and these impacts can strongly vary between territories and 
periods (see Chap. 31). Overall, an increase in natural disturbance recurrence and 
severity is expected, which may markedly decrease the abundance and functionality 
of boreal old-growth forests (Kuuluvainen & Gauthier, 2018). Boreal tree species, 
in particular softwoods, may also become less competitive than boreal and sub- 
boreal hardwood species, implying significant changes in tree species composition 
(Bouchard et al., 2019). Yet, forest management may remain the leading cause of 
the loss of boreal old-growth forest surfaces in such areas as eastern Canada, for 
example (Bergeron et al., 2017). Moreover, it has been emphasized that these forests 
provide and will continue to provide precious ecosystem services, in particular 
carbon sequestration, which can help mitigate the impacts of climate change (Lafleur 
et al., 2018; Thom et al., 2019; Vedrova et al., 2018). Kalliokoski et al. (2020) also 
recently highlighted that maintaining a continuous forest cover was more effective 
for carbon sequestration and cooling than increased harvesting rates. However, some 
boreal regions may become a carbon source because of lower stand productivity 
and increased fire activity (Miquelajauregui et al., 2019; Walker et al., 2020). This 
scenario underscores the need to adapt management strategies to local climatic char- 
acteristics. Nevertheless, it is generally assumed that maintaining a high diversity of 
structures and composition in the forest landscape will increase forest resilience and 
facilitate the adaptation of management practices to new environmental conditions 
(Augustynczik et al., 2019; Gauthier et al., 2009; Seidl et al., 2017). Old-growth 
forests will therefore play a key role in adapting ecosystems and human societies to 
a changing environment (Halpin & Lorimer, 2016; Kuuluvainen & Gauthier, 2018; 
Leduc et al., 2015). For these reasons, it is essential to protect the remaining old- 
growth forests and ensure that their functionality, e.g., connectivity, productivity, 
and diversity, is maintained (Halme et al., 2013; Smith, 2020; Chap. 31). In areas 
where these ecosystems are now absent, it will be necessary to apply active policies 
to restore elements and dynamics related to old-growth forests (Bauhus et al., 2009; 
Halme et al., 2013; Kuuluvainen & Gauthier, 2018; Sabatini et al., 2020; Smith, 
2020). 
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7.5 Conclusions 


Old-growth boreal forests are complex ecosystems of high value for biodiversity 
and human societies. However, these ecosystems are often still described in a reduc- 
tionist way that does not consider their richness. Old-growth forests are under serious 
threat, and many measures are urgently needed to protect these forests and their 
associated habitats and services. A fully effective ecosystem-based management 
must emphasize the size, connectivity, diversity, and functionality of old-growth 
forests. The operational tools to achieve this objective remain nevertheless lacking 
and must be developed rapidly. Similarly, the pressure exerted by human activi- 
ties on these ecosystems must be significantly and urgently reduced, including in 
areas where old-growth forests remain abundant. Numerous alternative management 
practices to short-rotation clear-cuts hold promise and could fulfill this objective. 
Improved management and protection of old-growth forests go beyond the sphere 
of forest managers and ecologists alone and involves much broader socioeconomic 
considerations. 
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Chapter 8 A) 
Ecological Classification in Forest get 
Ecosystem Management: Links Between 
Current Practices and Future Climate 

Change in a Québec Case Study 


Pierre Grondin, Marie-Hélène Brice, Yan Boulanger, Claude Morneau, 
Pierre-Luc Couillard, Pierre J. H. Richard, Aurélie Chalumeau, 
and Véronique Poirier 


Abstract Climate change is expected to profoundly impact boreal forests, ranging 
from changes in forest composition and productivity to modifications in distur- 
bance regimes. These climate-induced changes represent a major challenge for forest 
ecosystem management, as information based on ecological classification may no 
longer provide a straightforward guide for attaining management goals in the future. 
In this chapter, we examine how climate change could influence the use of ecolog- 
ical classification and by what means this approach can continue to be relevant for 
guiding the ongoing development of management practices. We address these ques- 
tions by first describing ecological classification, using the example of Québec's 
classification system, and then showing its importance in forest ecosystem manage- 
ment. Using a forest landscape in Québec as a case study, we then look at how 
climate change could affect boreal forest ecosystems by presenting a detailed, multi- 
step analysis that considers climate analogs, habitat suitability, and changes in forest 
composition. We show that at the end of the century, the vegetation of the Abies-Betula 
western subdomain will not change sufficiently to resemble that of its climate analog, 
currently located ~500 km to the south. Changes in fire frequency and severity could 
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significantly modify forest dynamics and composition. Consequently, the potential 
vegetation and the successional pathways defined under the current climate could 
change and follow new successional trajectories. This possible reality forces us to 
question some fundamental aspects of ecological classification. However, we argue 
that ecological classification can still provide a valuable framework for future forest 
management, particularly in continuing to recognize the various types of ecosys- 
tems present along toposequences. Given the changes expected in forest vegetation 
composition and dynamics, future variability and uncertainty must be integrated 
into the current stable classification units and predictable successional trajectories 
of ecological classification. 


8.1 Introduction 


Ecological classification provides complete descriptions of biophysical forest 
features and their historical variability at various spatial scales (global, regional, 
local). This ecological information is necessary to inform forest ecosystem manage- 
ment, which consists of implementing silvicultural strategies that aim to ensure the 
long-term maintenance of ecosystem functions and, consequently, the social and 
economic benefits that forest ecosystems provide to society (Chap. 1; Gauthier 
et al., 2009). However, climate change is expected to affect growth rates, distur- 
bance regimes, species distributions, and, ultimately, biodiversity (Boulanger et al., 
2014, 2016; Périé & de Blois, 2016; Périé et al., 2014; Price et al., 2013). These 
changes raise serious concerns for forest ecosystem management if knowledge from 
ecological classification can no longer provide a reliable guide for meeting future 
management objectives (Millar et al., 2007; Nagel et al., 2017; Puettmann, 2011). 
In this chapter, we first introduce ecological classification and the concept of 
potential vegetation (Sect. 8.2.1) and then characterize the principles of the Québec 
hierarchical classification system (Sect. 8.2.2). We then consider historical variability 


Y. Boulanger 

Natural Resources Canada, Canadian Forest Service, Laurentian Forestry Centre, 1055 rue du 
PEPS, P.O. Box 10380, Stn. Sainte-Foy, Québec, QC GIV 4C7, Canada 

e-mail: yan.boulanger@ NRCan-RNCan.gc.ca 


C. Morneau - P.-L. Couillard 

Direction des inventaires forestiers, ministére des Foréts, de la Faune et des Parcs du Québec, 
5700 4e Avenue Ouest, Québec, QC GIH 6R1, Canada 

e-mail: Claude.Morneau @ mffp.gouv.qc.ca 


P.-L. Couillard 
e-mail: Pierre-Luc.Couillard ? mffp.gouv.qc.ca 


P. J. H. Richard 

Département de géographie, Université de Montréal, Complexe des sciences, P.O. Box 6128, Stn. 
Centre-Ville, Montréal, QC H3C 3J7, Canada 

e-mail: pierrejhrichard 9 sympatico.ca 


8 Ecological Classification in Forest Ecosystem Management 221 


at regional and local scales (Sect. 8.2.3) and the importance of ecological classifica- 
tion in forest ecosystem management (Sect. 8.2.4). Next, using a three-step analysis, 
we indicate how climate change could modify boreal forest ecosystems and ecolog- 
ical classification (Sect. 8.3.1). In the final section (Sect. 8.3.2), we discuss the issues 
and challenges raised by climate change and illustrate how the ecological classifi- 
cation framework could integrate future variability in forest dynamics in the context 
of risk management. Throughout the chapter, we focus on the boreal biome, using 
the case study of the Abies balsamea—Betula papyrifera western subdomain (84,567 
km?) in Québec, Canada (hereafter the Abies-Betula w. subdomain). 


8.2 Ecological Classification of Ecosystems 


We define ecological classification as “an analytical process that consists of delin- 
eating and defining ecosystems, at different spatial scales, on the basis of the abiotic 
and biotic factors that govern their development (climate, disturbances, physical 
environment, plant succession) along ecological gradients for the purposes of land 
resource management” (Bailey, 2009; Barnes et al., 1982; Rowe & Sheard, 1981; 
Sims et al., 1996; Whittaker, 1962). The ecological classification of ecosystems has 
developed progressively in parts of the world, including in Canada, e.g., the provinces 
of Québec (Fig. 8.1; MFFP 2021; Saucier et al., 2009, 2010), British Columbia 
(Banner et al., 1993; MacKenzie & Meidinger, 2018; Pojar et al., 1987) and others 
(Baldwin et al., 2020), as well as in the United States (Bailey, 2009), Scandinavia 
(Engelmark & Hytteborn, 1999; Sjórs, 1999), and northeastern Asia (Krestov et al., 
2009). 


6.2.1 Ecological Classification: Potential Vegetation 


Ecological classification is based on the science of phytosociology, which originated 
more than a century ago when Flahault and Schróter (1910) defined a plant asso- 
ciation or community as “a vegetal grouping of determined floristic composition, 
presenting a uniform physiognomy that grows in uniform site conditions." From the 
school of phytosociology emerged the concept of potential natural vegetation (here- 
after potential vegetation). This concept refers to a stable state or late-successional 
vegetation stage at a particular site under the existing climatic and edaphic conditions 
(Baldwin et al., 2020; Blouin & Grandtner, 1971; Braun-Blanquet, 1972; Clements, 
1936; Daubenmire, 1968; Küchler, 1964; Tuxen 1956 in Härdtle, 1995). Gradu- 
ally, although mainly in the early 1970s, interest focused on understanding natural 
disturbances, particularly fire frequency and severity, and the impacts of disturbance 
on vegetation dynamics (Damman, 1964; Heinselman, 1973; Rowe & Scotter, 1973; 
White, 1979). Forexample, in some cases, the late-successional stage is never reached 
because of recurrent disturbances, such as fire, and only the early- or mid-successional 
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a Continental scale: circumboreal b Continental scale: vegetation 
zonation zones (Arctic, boreal, temperate) 


c Continental scale: vegetation d Supraregional scale: Abies 
subzones of the boreal zone balsamea—Betula papyrifera 

(forest tundra, open boreal forest, bioclimatic domain and its western 
closed boreal forest) and eastern subdomains; Fig 8.3 


shows all the domains 


e Regional scale: ecological regions f Landscape scale: regional 

of the Abies balsamea—Betula landscapes and ecological 
papyrifera western subdomain districts for ecological region 5C 
S ` 


Fig. 8.1 a Circumboreal zonation modified by permission of Taylor & Francis Group from Saucier 
et al. (2015) and Baldwin et al. (2020). Only the largest subdivisions are considered (1-7, dark 
green). 1 North European boreal, 2 Western Siberian boreal, 3 Central Siberian boreal, 4 North- 
eastern Siberian boreal, 5 Alaska-Yukon boreal, 6 West-central North American boreal, 7 Eastern 
North American boreal. b-f Ecological classifications of the ministére des Foréts, de la Faune et 
des Parcs du Québec (MFFP 2021 [CC-BY 4.0]; Saucier et al., 2009, 2010, with permission from 
Multimondes and AgroParisTech, respectively) 
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stage is attained after disturbances (Bergeron et al., 2014; Cogbill, 1985; Couillard 
et al. 2016; Dansereau, 1957; Frégeau et al., 2015; Frelich & Reich, 1995; Grondin & 
Gosselin, 2013; Grandtner, 1966; White, 1979). Anthropogenic disturbances are also 
considered an important factor that can modify the dynamics of potential vegetation 
(Danneyrolles et al., 2020; Härdtle, 1995; Laflamme et al., 2016; Seastedt et al., 
2008). Québec's ecological classification system defines potential vegetation as “a 
classification unit that includes the complete set of communities associated to the 
late-successional stage on a given site,” thus integrating vegetation dynamics within 
the concept (Saucier et al., 2009). Potential vegetation is defined on the basis of a 
particular set of tree species (early- and late-successional species) and understory 
indicator species that grow together on similar site conditions. Potential vegetation is 
considered permanent if soil and climatic conditions and the disturbance regime do 
not change (Saucier et al., 2009). It is mainly on the basis of this predictable succes- 
sional trajectory that the concept has been challenged (Loidi & Fernández-González, 
2012). 

The concept of potential vegetation is widely used worldwide as the basic unit 
of vegetation classification systems (Hárdtle, 1995; Loidi & Fernández-González, 
2012; Sims et al., 1996). The distribution of potential vegetation (Fig. 8.2) can be 
illustrated along a toposequence, which divides the landscape into relatively homoge- 
neous sections with respect to topography (slope, elevation), microclimate, drainage, 
surficial deposits, nutrient regime, soil type, disturbance regime, and forest dynamics 
(Banner et al., 1993; Barnes et al., 1982; Blouin et al., 2008; Rey, 1960; Rowe & 
Sheard, 1981; White 1973). This combined use ofthe physical environment and forest 
dynamics is termed a toposequence-chronosequence approach (Damman, 1964). 
Potential vegetation typical of mesic sites—zonal soils sensu Baldwin et al. (2020) 
and Pojar et al. (1987)—reflects the regional climate (temperature and precipita- 
tion). Other potential vegetation characterizing the toposequence is associated with 
regional climate and reflects the influence of specific local environmental character- 
istics (e.g., Picea-Sphagnum potential vegetation, which grows on poorly drained 
sites). Toposequences present a synthetic view of the ecological information about 
a landscape that can be used to produce an ecological map of potential vegetation. 
Such maps present a global view of the distribution of vegetation over a specific 
territory (Blouin & Grandtner, 1971; Küchler, 1964). 


8.2.2 Ecological Classification: A Hierarchical Approach 


Various hierarchical classifications have been developed for describing and managing 
ecosystems at different spatial scales, and each has its own nomenclature and levels 
(Bailey, 2009; Baldwin et al., 2020; Banner et al., 1993; Klijn & Udo de Haes, 1994; 
MacKenzie and Meidinger 2017; Powell, 2000; Sims et al., 1996). The ecological 
classification system developed in Québec (MFFP 2021; Saucier et al., 2009, 2010) 
was influenced by European phytosociological classification (Grandtner, 1966) and 
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Abbal Acrub Bepap Piban Piglau Pimar Potre 


Picea mariana- Picea mariana — Picea mariana — Abies balsamea - Abies balsamea- 
Sphagnum Pinus banksiana Abies balsamea Betula papyrifera Acer rubrum 


Fig.8.2 Zonation of potential vegetation illustrated along a toposequence characterizing the 
southern part of the Abies balsamea—Betula papyrifera western subdomain, Québec. The species 
codes are defined in Fig. 8.7 


Australian landscape classification (Jurdant et al., 1977). Québec's ecological classi- 
fication system consists of multiple hierarchy levels corresponding to various spatial 
scales. At the continental scale (~1,000,000 km?), vegetation zones and subzones 
correspond to very large territories characterized by a vegetation physiognomy and 
floristic composition that reflect macroclimatic conditions controlled by latitude and 
continentality. The boreal zone in Québec extends from the northern temperate to 
Arctic zones and is part of the eastern North American boreal floristic subdivision 
(Fig. 8.1a and b). It is subdivided from south to north into three subzones based 
on vegetation structure: closed boreal forest, open boreal forest, and forest-tundra 
(Fig. 8.1c). This latitudinal zonation is common in the boreal biome, which forms a 
forest belt around the Northern Hemisphere (Fig. 8.1a). At the supraregional scale 
(~100,000 km?), the bioclimatic domains and subdomains of Québec encompass 
large areas characterized by relatively homogeneous mesoclimatic conditions that 
are associated with the dominant potential vegetation of mesic sites and a natural 
disturbance regime (Fig. 8.1d). At the regional scale (10,000 km?), each ecolog- 
ical region is characterized by the relative abundance of a potential vegetation and 
their respective physical environments (ecological types); for example, in the Abies 
balsamea-Betula papyrifera domain, ecological region 5B differs from region 5C by 
having a less rugged relief and much larger areas of organic deposits. This physical 
environment leads to a greater abundance of Picea-Sphagnum potential vegetation 
on wet organic soils and a lower abundance of Abies-Betula potential vegetation, 
which is normally typical of mesic sites in this bioclimatic domain. At the landscape 
scale (-100-1,000 km?), the regional landscape unit is a relatively homogeneous 
portion of land in terms of relief, altitude, surficial deposits, hydrography, and poten- 
tial vegetation (Fig. 8.1f). The ecological district, delimited according to the same 
criteria as the regional landscapes but at a finer scale, is the basic mapping unit at all 
higher levels described above. The local scale (0.1—1 km?) is characterized by the 
potential vegetation, ecological type, and forest type. The ecological type combines a 
potential vegetation type and a physical environment type and is considered a stable 
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ecological unit. The forest type describes the observed vegetation using physiog- 
nomy, overstory tree species composition, and understory indicator species of site 
conditions. 

In Québec, the boreal zone is subdivided into four bioclimatic domains distributed 
north to south along a temperature gradient (Fig. 8.3; Grondin et al., 2007, 
2014; MFFP 2021; Richard, 1987; Saucier et al., 2009). The southernmost Abies 
balsamea-Betula papyrifera domain comprises mainly mixed boreal forests. The 
Picea mariana—moss domain, located to the north of this southernmost domain, is 
characterized by closed coniferous boreal forests. Further north, the Picea mariana— 
lichen domain is characterized by open forests, whereas the northernmost forest— 
tundra domain consists of a mosaic of forest and treeless communities where, with 
increasing latitude, forests are increasingly scattered and confined to sheltered loca- 
tions up to the Arctic tree line (MFFP 2021; Payette, 1992; Rowe & Scotter, 1973). 
Most bioclimatic domains in Québec are subdivided further into two subdomains 
(west and east) because of differences in precipitation, physical features, and the 
dominant natural disturbance regimes, which produce differences in the dominant 
vegetation (Couillard et al., 2019; Grondin et al., 2007). The climate of the western 
subdomains is more continental and drier, therefore more susceptible to fire than the 
eastern subdomains, which have a maritime influence, as illustrated by ombrothermal 
areas (Fig. 8.4a; Rey, 1960; Richard, 1978). 

At the local scale, the domain, subdomain, and ecological region are all charac- 
terized by a range of potential vegetation distributed along toposequences. In the 
toposequence of the southern part of the Abies-Betula w. subdomain (Fig. 8.2), the 
warmer hilltops host a mixed boreal vegetation (Betula papyrifera, Abies balsamea, 
Picea glauca, P. mariana) with the presence of Acer rubrum, which forms the 
Abies balsamea—Acer rubrum potential vegetation (hereafter Abies-Acer). The mesic 
midslopes (zonal soils) are occupied by the potential vegetation that best reflects the 
climatic conditions of the Abies balsamea—Betula papyrifera bioclimatic domain, 
which is the Abies-Betula potential vegetation. The lower subhydric, and often 
stoniest, slopes are occupied by the Picea mariana—Abies balsamea potential vege- 
tation (Picea-Abies), and Pinus banksiana may also be present. Finally, the flatter 
areas host the Picea mariana—Pinus banksiana potential vegetation (Picea-Pinus) 
on till or sand, whereas the wet organic soils support the Picea-Sphagnum potential 
vegetation. 


8.2.3 Ecological Classification: A Historical Perspective 


A historical perspective (millennial scale) that considers the range of natural vari- 
ability of vegetation can enhance the description of ecological classification units and 
forest dynamics. The concept of natural variability was introduced in the 1990s to 
incorporate an understanding of past spatial and temporal variability into ecosystem 
management (Cissel et al., 1999; Morgan et al., 1994; Powell, 2000; Swanson et al., 
1994). Keane et al. (2009) defined the natural range of variability as "the variation of 
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Fig. 8.3 Vegetation zonation in Québec according to the level of zone, domain (7—70) and subdo- 
main (W, west; E, east; N, north; S, south; C, coastal) (MFFP 2021 [CC-BY 4.0]; Saucier et al., 
2009, with permission from Multimondes). The codes (/—/0) are used in Fig. 8.4 to define the 
ombrothermal area of the bioclimatic subdomains. The red line is the northern limit of commercially 
productive forest (MRN 20132) 


historical ecosystem characteristics and processes (vegetation, disturbance regimes, 
climate) over time and space scales that are appropriate for management application." 
An approach that considers the natural range of variability assumes (1) that ecosys- 
tems are complex and have a range of conditions that are self-sustaining. Beyond 
that range they move into disequilibrium; and (2) historical conditions can indicate 
ecosystem health (Keane et al., 2009; Kuuluvainen, 2002; Morgan et al., 1994). 
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Fig. 8.4 Ombrothermal area of the bioclimatic subdomains of Québec’s boreal forest (Fig. 8.3) 
for a the reference horizon (1969-1990) and b the scenario under RCP8.5 for 2100. The subdo- 
main codes are composed of the latitudinal gradient (/—/0) and the longitudinal gradient (E:east or 
W:west). Ellipses trace the 95% confidence level with a multivariate t-distribution of the data gener- 
ated from global climate simulations (https://www.climateinteractive.org/tools/world-climate-sim 
ulation/). Some subdomains exhibit a wide climatic range because of their large area (6—/0) or the 
highly variable habitat conditions (5E). The climate of the coastal forest-tundra subdomain (8C) 
overlaps with the southern portion of the Picea mariana—mosses subdomain because its vegetation 
is strongly influenced by rocky substrate and strong winds 


Spatial variability is generally based on ecological units of the ecological classifica- 
tion determined at regional (Shorohova et al., 2011) to local scales (MacLean et al., 
2021). Temporal scales define the short-, medium-, and long-term variability of forest 
composition, natural disturbances (mainly fire), and climate. This variability is recon- 
structed using dendrochronology and paleoecology (Chap. 2). Such information of 
historical conditions helps justify and validate management strategies elaborated in 
the context of climate change (Gillson & Marchant, 2014; Grondin et al., 2020; 
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Marcisz et al., 2018). In Québec, information regarding the long-term natural vari- 
ability of ecosystems is derived from studies of postglacial vegetation, disturbance 
regimes, and climate (Payette, 1993; Richard, 1993). 

At the regional scale, the Holocene history of the Abies-Betula w. subdomain 
was first characterized by an afforestation period, followed by the Holocene climatic 
optimum, marked by the expansion of the temperate species Pinus strobus and Thuja 
occidentalis (Fig. 8.5). Subsequently, the abundance of these species was reduced 
as their range contracted over the following 3,000 years in response to a cooler 
climate and possibly a relatively lower frequency of large fires (Ali et al., 2012). 
With time, the modern-day boreal forest became established. The last millennium 
has been characterized by a slight increase in P. banksiana and an opening of the 
forest cover (Ali et al., 2012; Asselin et al., 2016; Bajolle, 2019; Bajolle et al., 2018; 
Carcaillet et al., 2001; Fréchette et al., 2018; Hennebelle et al., 2018; Larochelle 
et al., 2018; Richard et al., 2020). Today, this region experiences recurrent spruce 
budworm outbreaks every 30—40 years (Saucier et al., 2009), and the fire cycle has 
been approximately 275 years for the 1890—2020 period (Couillard et al., 2022). 

Studies of recent forest dynamics at the local scale (toposequence, Fig. 8.2) indi- 
cate that the Abies-Betula potential vegetation follows a pathway characterized by a 
high abundance of B. papyrifera in the early postfire successional stages followed by 
an increasing abundance of A. balsamea over time. Mature stands of A. balsamea are 
subject to gap dynamics, and some stands are severely affected by spruce budworm 
(Choristoneura fumiferana) outbreaks (Bergeron et al., 2014; Couillard et al., 2012; 
Navarro et al., 2018; Saucier et al., 2009). The dynamics of the Picea-Abies poten- 
tial vegetation can follow one of two pathways. The first pathway has fires main- 
taining a stand dynamic dominated by P. mariana, with scattered A. balsamea in 
regeneration. The second pathway has a sufficiently long fire interval to support a 
successional dynamic toward Picea mariana—Abies balsamea stands. The Picea- 
Pinus potential vegetation is controlled primarily by frequent fires that generally 
favor the cycling of the same plant communities (recurrence dynamics), i.e., fires 
enable the post-disturbance recovery process to produce stands resembling those 
of the predisturbance state (Fig. 8.2; Couillard et al. 2016; Frégeau et al., 2015; 
Martin et al., 2018). This potential vegetation can be subject to a regeneration failure 
that shifts closed-canopy stands toward lichen woodlands. Various causal factors 
can explain this transformation; these factors include fire intensity (severe or light), 
successive fires within a short period, and the cumulative effect of an insect outbreak 
or logging immediately followed by a fire. For these areas, the return of closed- 
canopy stands is not possible without direct intervention, such as planting (Couillard 
et al., 2021; Girard et al., 2008; Pinno et al., 2013; Schab et al., 2021; Splawinski 
et al., 2019). 


8 Ecological Classification in Forest Ecosystem Management 229 


2 c 
$ 2 2 5 
© S t] S L 5 £ $9 
o | — = b [7] = oO © 
E E E zg 5 E a $9 eg 
$ 8 t $8 3 à N- $ £2 22 
LES E E 8 8 ag a + EE 
à E a 2 9 S um = © = $ ger 
o G o $ 9 o S 59 S E o 3% 
3 . 23 à 2 3 n 
o 9 3 3 OE] E 8 
2 8 2 à à > = DE [- E © © © 
2 = = Oo = E © 290 c r= | OOLL 
« Q Leu aa E am «2 « [7] oO “ui 
r X 


Neoglacial 


Years before present (0 = 1950 CE) 


E 
2 
E 
| $ 
| 
) E 
| [7] 
E 
= 
9000 f CALE ER m | FE eg 0 EE | Ge ee : We HE PZ SAR eB EN aper rrr 
10 10 30 50 10 30 10 10 30 10 10 304202 -1500150 0 4 8 
Pollen abundance (%) Anomaly Anomalies 
(°C) (mm) and (%) 
W Broadleaf species W Cooler and more humid E Forest D Opening 
Wi Coniferous species I Hotter and drier g Afforestation Œ Densification 


B Low frequency of large fires (Ali et al. 2012) Œ High frequency of small fires (Ali et al. 2012) 


Fig. 8.5 Postglacial vegetation and environmental data of the Abies balsamea-Betula papyrifera 
western subdomain, Québec. Pollen curves for selected coniferous (5) and broadleaf (2) tree taxa 
from Lake Lili (Bajolle, 2019) are coupled with a chironomid-based reconstruction of August air 
temperature at Lake Aurélie (Bajolle et al. 2018), a millennial reconstruction of annual precipitation 
and summer sunshine for the entire subdomain (Fréchette et al., 2018), and a regional summary of 
past climate, sequential cover type, forest density, and fires according to Bajolle (2019). Note that 
some taxa of the diagram are greatly underrepresented by the pollen they shed compared to their 
abundance in the field (e.g., A. balsamea, P. tremuloides, T. occidentalis), whereas others are highly 
overrepresented (e.g., P. strobus, B. papyrifera). The maximum values of the P. banksiana pollen 
curve at the base of the sequence (7,000—8,500 cal yr BP) reflect mainly a long-distance, northerly 
transport of extraregional pollen during the afforestation stage 


6.2.4 Ecological Classification: A Foundation for Forest 
Ecosystem Management 


Ecological classification is a framework that provides users with a straightforward 
structure to practice ecosystem-based management, facilitate modeling of the spatial 
distribution of ecosystems, and evaluate the impacts of changing climate and envi- 
ronmental conditions on vegetation (MacKenzie & Meidinger, 2018; Sims et al., 
1996). For example, MacLean et al. (2021) present a new approach for establishing 
management guidelines defined for each potential vegetation in Nova Scotia. The 
forest management system developed in Québec also relies on potential vegetation 
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(Grondin et al., 2003; Saucier et al., 2010). More specifically, a specific silvicul- 
tural scenario is developed for each ecological type or groups of ecological type 
(MFFP 2020; MRN 2013b). Moreover, Québec forestry is oriented toward calcu- 
lating the annual allowable cut for each management unit and for which poten- 
tial vegetation plays a crucial role (Fortin & Langevin, 2010). Recently, a northern 
limit of commercially productive forest was established on the basis of relation- 
ships between fire regime, regeneration, and the time required for trees and forests 
to reach a merchantable volume, as calculated by ecological district and considering 
the potential vegetation (Fig. 8.3; Gauthier et al., 2015b; MRN 20132). 

Some management activities also consider reference conditions that serve to 
ensure long-term ecosystem health. In Québec, reference conditions for defining 
targets for old-growth proportions and forest composition were established at the 
spatial scale of bioclimatic subdomains (Fig. 8.3; Boucher et al., 2011). These refer- 
ence conditions are based on studies of natural variability, mainly related to the fire 
regime of the last century or sometimes an even longer period (~200 years). The fire 
regime is documented from stand origin maps—which date the last fire—and from 
which a fire cycle and a proportion of old-growth forest are calculated. The long- 
term range of natural variability does not determine reference conditions because 
the links between long-term history and forest management must be clarified, as per 
Hennebelle et al. (2018). They showed that a relatively high proportion of old-growth 
forest existed throughout the Holocene in Québec. Such information would suggest 
that estimates based on the recent past are similar to those based on long-term history. 

By using ecological classification information to manage Québec's forest ecosys- 
tems, forest managers (1) describe the natural forest, (2) compare it to the managed 
forest to highlight the differences induced by forest management, (3) translate this 
information into ecological issues to be resolved and (4) integrate these issues 
into management plans to reduce differences between natural and managed forests 
(Harvey et al., 2009; MFFP 2017). In the Abies-Betula w. subdomain, for example, 
the reference conditions indicate that even-aged mature stands (older than 80 years) 
represent 3096 of the subdomain compared with 3196 for uneven-aged old-growth 
forests (Boucher et al., 2011). These thresholds serve as guidelines to define targets 
for ecosystem management plans (MFFP 2015). However, Martin et al. (2021) 
showed that in the Picea mariana—mosses domain, when local features of potential 
vegetations are not sufficiently considered in forest landscapes, old-growth forests are 
preserved essentially on the least productive sites, such as forested wetlands (Picea- 
Sphagnum potential vegetation); the most productive sites are harvested. The system 
of protected areas in Québec, in which a variety of forest stands are protected, and 
relatively small, protected areas (1.e., biological shelters), which protect in particular 
old-growth forest, partially avoid the pattern of old-growth forests being found only 
on the least productive sites. It is clear that local conditions must be better integrated 
within targets set at the landscape scale, particularly with respect to complex forest 
structures and their attributes (e.g., deadwood). In the context of ecosystem manage- 
ment, adequate protection and adapted silviculture (partial cutting) of old-growth 
forests specific to each potential vegetation are key to ensuring the resilience and 


8 Ecological Classification in Forest Ecosystem Management 231 


adaptive capacity of boreal forest ecosystems under global change (Martin et al., 
2018; Shorohova et al., 2011). 

Overall, ecological classification is a valuable tool for summarizing spatiotem- 
poral information to help guide effective conservation and forest management prac- 
tices (Keane et al., 2009; Loidi & Fernández-González, 2012; MacLean et al., 2021). 
However, ecological classification was developed assuming a relatively stable climate 
and that potential vegetation recovers its initial structure and composition after a 
disturbance (Loidi & Fernández-González, 2012; Powell, 2000; Saucier et al., 2009). 
Future climate change challenges the validity of predictable successional pathways 
and stable potential vegetation dynamics. This assumed predictability requires a 
reanalysis of ecological classification in light of the uncertainties associated with 
climate change by considering different successional trajectories for a given poten- 
tial vegetation. Some mechanisms already exist in Québec's ecological classification 
system, particularly in forest mapping activities, to account for observed changes in 
potential vegetation, such as shifts from closed-canopy stands (Picea-Pinus poten- 
tial vegetation) to lichen woodlands (Picea mariana-lichens) caused by regeneration 
failure. Over the past 15 years, several studies have attempted to improve our under- 
standing of natural variability at regional and local scales (Sect. 8.2.3; e.g., Couillard 
et al. 2016; Fréchette et al., 2018). These studies have greatly contributed to our 
knowledge of forest dynamics and the concepts of stability and predictability associ- 
ated with Québec's ecological classification. However, vegetation changes that can 
be anticipated because of ongoing climate change have yet to be considered. The 
following section reflects on strategies for bringing ecological classification into the 
future. 


8.3 Ecological Classification and Climate Change 


Future environmental conditions are expected to differ markedly from present-day 
conditions. This shift will occur faster and at a greater magnitude than at any time 
since the end of the last glaciation (IPCC 2021). Certain projections have ecosys- 
tems falling beyond their natural range of variability (Seastedt et al., 2008). In North 
America, Keane et al. (2020) projected significant changes for potential vegetation in 
Montana, United States, along an altitudinal gradient. Wang et al. (2012) showed that 
suitable habitats in British Columbia, Canada, for grasslands, dry forests, and moist 
continental cedar-hemlock forests would expand and habitats for boreal, subalpine, 
and alpine ecosystems would decrease. Moreover, in the adjacent province of Alberta, 
wildfire activity is projected to accelerate the conversion of about half the province's 
upland mixed and coniferous forests to more climate-adapted deciduous woodlands 
and grasslands by 2100 (Stralberg et al., 2018). In Siberia, the expansion of dark 
coniferous forest—currently found in the southern boreal forest—into light conif- 
erous forest (Larix laricina northern forest, often underlain by permafrost) has also 
been documented (Gauthier et al., 2015a; Kharuk et al., 2007). 
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The consequences of climate change for Canada's boreal forests will be numerous; 
these impacts include changes in forest composition and growth rates, shifts in distur- 
bance regimes, and, ultimately, altered biodiversity levels (Price et al., 2013). These 
climate-induced changes in forest ecosystems thus represent a major challenge for 
forest management. Climate projections must be translated into concrete information 
and guidelines to prepare and assist managers in adapting forest management plans 
to these changes (Forestier en chef, 2020; Gauthier et al., 2014, 2015a; Millar et al., 
2007; Nagel et al., 2017; Puettmann, 2011; Thiffault et al., 2021). In this context, 
climate-induced changes could be forecast from the information and models available 
at the different levels of the ecological classification system already in use in forest 
ecosystem management. The following questions are thus appropriate to consider in 
the discussion below: 


e Question 1. Will climate change modify vegetation along the various ecological 
classification scales, i.e., from bioclimatic subdomains to potential vegetation? 

© Question 2. Can knowledge derived from ecological classification help respond 
to the challenges inherent to climate change? 


8.3.1 A Three-Step Analysis to Characterize Changes 
in Climate, Species Sustainability, and Forest Dynamics 


Inthe following section, we present an analytical approach that will address these two 
questions using information generated at different levels of ecological classification. 
This approach proceeds through several steps that we consider to be prerequisites for 
determining silvicultural strategies in the context of climate change. Our method can 
be adapted according to specific regional and local contexts. The aim is to illustrate 
how climate change may impact forests at the relevant scale by focusing on the Abies 
balsamea-Betula papyrifera w. subdomain in the province of Québec and comparing 
current vegetation patterns with those developed under the RCP8.5 scenario from 
now to 2150. As explained by the IPCC (2021), 


Representative Concentration Pathways (RCP) are scenarios that include time series of emis- 
sions and concentrations of the full suite of greenhouse gases (GHGs) and aerosols and 
chemically active gases, as well as land use/land cover ... RCPs usually refer to the portion 
of the concentration pathway extending up to 2100, for which Integrated Assessment Models 
produced corresponding emission scenarios. 


The RCP8.5 scenario is generally considered the most severe anthropogenic 
climate forcing scenario. Indeed, under this pathway, the forcing reaches 8.5 W-m? 
in 2100 and continues to increase for some time afterward. Under this scenario, the 
temperature in the studied bioclimatic subdomain will increase 7-8 °C and precipi- 
tation 7% by 2100 (Boulanger & Pascual Puigdevall, 2021). The Abies-Betula w. 
subdomain will thus likely experience a longer fire season and more fire-prone 
weather conditions, which could increase the annual area burned by 2 to 4 times 
by the end of the century, as projected for various regions in Canada (Boulanger 
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et al., 2014). Ecological processes including tree growth, regeneration, interspe- 
cific competition, and forest productivity could also be affected by these climate 
changes; these altered processes could ultimately modify the forest assemblage 
currently defining each potential vegetation (Boulanger & Pascual Puigdevall, 2021). 
Our approach involves acquiring information about future climate analogs (Step 1), 
defining potential impacts on tree species-habitat suitability at the subdomain scale 
(Step 2), and finally considering local information at the potential vegetation scale 
to assess changes in forest dynamics (Step 3). 


8.3.1.1 Step 1. Identifying Contemporary Climate Analogs 


A climate analog is a simple tool for visualizing the magnitude of climate change 
at a relatively large spatial scale. This tool “identifies locations for which historical 
climate is similar to the anticipated future climate at a reference location” (Grenier 
et al., 2013). Here, the approach shows how the temperature and precipitation of 
the Abies-Betula w. subdomain (Fig. 8.3) will be modified under RCP8.5 during the 
2071-2100 period (code 5 W in Fig. 8.4b). Under this scenario, this subdomain will 
experience a climate analogous to that currently experienced by the Acer saccharum— 
Carya cordiformis bioclimatic subdomain (code 1 in Fig. 8.4b), located ~500 km to 
the south. Northern temperate hardwoods characterize this latter area, with several 
thermophilous species (e.g., Quercus, Carya, Tilia) reaching the northernmost limit 
of their range and small-gap dynamics being the most common natural disturbance. 
Therefore, this climatically analogous region includes very different tree species 
assemblages and experiences markedly different disturbance dynamics than those 
currently observed in the Abies-Betula w. subdomain. 


8.3.1.2 Step 2. Assessing Future Tree Species Habitat Suitability 
at the Regional Scale 


Because the climate analog provides only partial insight into the impacts of climate 
change on forest ecosystems, it is important to identify to what extent the projected 
climate in the Abies-Betula w. subdomain will be suitable for species currently 
observed in the area and those taxa that could potentially migrate into the subdo- 
main. Niche models (Boisvert-Marsh et al., 2014; Périé & de Blois, 2016; Périé et al., 
2014) are used to assess the climatic vulnerability of the dominant tree species of 
the subdomain (Fig. 8.6). Under the RCP8.5 climate scenario for 2071-2100, niche 
models project that much of this subdomain will become a less favorable habitat for 
most conifers and B. papyrifera. Populus tremuloides habitat will remain present at 
a similar abundance (status quo), whereas the situation appears more critical for P. 
banksiana, as the model indicates a less favorable habitat over much of the subdo- 
main. Acer rubrum, a thermophilous species that favors the warmer hilltops (Fig. 8.2) 
of the southern part of the western subdomain, has a distinct profile from the other 
species as new suitable habitats will become available. These changes in habitat 
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Fig. 8.6 The impact of climate change on tree habitat suitability under scenario RCP8.5 (2071- 
2100) as defined by niche models. The baseline (1969-1990) range of a species is the total area 
(km?) of all cells where the baseline average model predicted a suitable habitat for that species in 
the Abies balsamea—Betula papyrifera western subdomain and within the Abies balsamea—Betula 
papyrifera potential vegetation 


suitability suggest that species that have traditionally defined entire regional vegeta- 
tion assemblages could become less adapted to their particular regions, resulting in 
significant impacts on ecosystems. 


8.3.1.3 Step 3. Assessing Local Change in Forest Composition 
and Dynamics 


How will the climate-induced vulnerability of these species affect the dynamics 
of specific potential vegetation? Evaluating such impacts requires a more thorough 
assessment of climate-induced changes on processes at the stand- (e.g., interspecific 
competition, soil characteristics, productivity) and landscape- (e.g., seed dispersal, 
natural disturbances) scales, which govern finer-scale forest dynamics. Differences 
in soil characteristics, topographical position, and current tree species assemblages 
may thus impact how specific potential vegetation will respond to climate change. 
Climate-induced changes in natural disturbance regimes are another key component 
to consider. Simulating changes in the disturbance regime enables assessing possible 
future alterations in the natural range of variability (Fig. 8.5), which is not explic- 
itly accounted for within niche models. Using a forest landscape model (LANDIS- 
II; Scheller et al., 2007), we projected the future long-term compositional change 
of two contrasting potential vegetation types characteristic of the Abies-Betula w. 
subdomain, i.e., Abies-Betula and Picea-Pinus potential vegetation. We simulated 
130 years, starting in 2020, under baseline and RCP8.5 climate scenarios. To assess 
the impact of changes in the natural disturbance regime, we simulated future forest 
landscapes under RCP8.5, considering the current fire regime (status quo) and a 
future fire regime under climate change projections. 

We found that under the RCP8.5 projected climate conditions and regardless of 
the fire regime, i.e., current or projected fires (Fig. 8.7), there is a significant decrease 
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in total biomass after 2070 for both potential vegetation types, primarily caused by 
a large decrease in the biomass of A. balsamea and/or P. mariana, the two dominant 
boreal species. These decreases in total biomass are likely to be even greater when 
considering the concomitant climate-induced change in fire regimes (Boulanger 
et al., 2014, 2016). Our analysis distinguishes different alterations in forest dynamics 
specific to each potential vegetation. For instance, A. rubrum and B. papyrifera are 
projected to sharply increase in the Abies-Betula potential vegetation, whereas P. 
tremuloides biomass will remain stable or increase only slightly. The increase of A. 
rubrum is greater in the current fire regime than in the projected fire regime. In the 
Picea-Pinus potential vegetation, however, P. tremuloides sharply increases, whereas 
A. rubrum remains a minor component of the forest landscape. Still here, A. rubrum 
is greater in the current fire regime and after 2100. Therefore, by 2100, the Abies- 
Betula potential vegetation will be dominated mainly by conifers accompanied by 
B. papyrifera, P. tremuloides, and A. rubrum. Beyond 2100, and given the projected 
fires, broadleaf species (P. tremuloides, B. papyrifera, A. rubrum) will dominate. In 
the Picea-Pinus potential vegetation, P. tremuloides and P. banksiana will be the 
most common species. The projected dynamics for both potential vegetation types 
are consistent with contemporary trends found in other studies (Boisvert-Marsh et al., 
2014; Brice et al., 2019; Fisichelli et al., 2014; Iverson et al., 2008; Jain et al., 2021). 


8.3.2 Ecological Classification and Climate Change: The 
Main Issues 


Several conclusions can be drawn from this multistep analysis to answer both ques- 
tions posed above. First, we are interested in specifying how climate change will 
modify the current vegetation (Question 1). At the regional scale, the future vege- 
tation of the Abies-Betula w. subdomain will not correspond to that identified by 
its climate analog by the end of the century (Fig. 8.4 and Step 1). Given dispersal 
limitations (Iverson et al., 2011) and forest inertia (Brice et al., 2020), it is unlikely 
that the thermophilous species associated with the Acer saccharum—Carya cordi- 
formis subdomain will keep pace with the 2500 km northward migration of the 
ombrothermal area (Boulanger & Pascual Puigdevall, 2021; Taylor et al., 2017). 
With climate niches of most boreal species deteriorating within the Abies-Betula w. 
subdomain, this scenario will likely introduce a climate debt (Taylor et al., 2017), 
with current species assemblages being strongly maladapted to future climate condi- 
tions. Under such conditions, it is improbable that regional vegetation will be at a 
climate equilibrium, at least for the next several decades. 

At the local scale (Fig. 8.7), our model (LANDIS-IT) also suggests that increased 
disturbance rates will cause a decline in the biomass of coniferous species and provide 
pioneer deciduous tree species a competitive advantage because they can reproduce 
vegetatively after a disturbance (Boulanger et al., 2019; Landhäusser et al., 2010). 
If stands of Abies-Betula potential vegetation become dominated by P. tremuloides 
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Fig. 8.7 Mean stand aboveground biomass of forest species in the Abies balsamea-Betula 
papyrifera western subdomain according to the LANDIS-II model and projections using the RCP8.5 
scenario. The panels represent the Abies-Betula potential vegetation in midslope (left panel) and 
the Picea-Pinus potential vegetation (right panel) in flat areas (Fig. 8.2). In the bottom left chart of 
each panel, the current fire regime remains relatively unchanged in the future. In the bottom right 
chart of each panel, the fire regime is altered in relation to projected climate change 


and A. rubrum, will this community be considered (1) a mid-successional stage of 
the Abies-Betula potential vegetation with a greater abundance of A. rubrum than 
expected under current climate conditions, (2) a transition stage toward an Abies- 
Acer potential vegetation, or (3) a new potential vegetation? Knowledge of forest 
dynamics under climate change is not sufficiently advanced to project which of the 
three possibilities will prevail in the future. 

Furthermore, we projectthat warmer conditions should favor the growth and repro- 
duction of thermophilous species (e.g., Acer spp.), which will then be more likely 
to outcompete boreal species in the potential vegetation where they are currently 
thriving. Such conditions could favor the migration of Abies-Acer potential vegeta- 
tion to mid-hillside, a topographic position where conditions are not currently suitable 
to support such potential vegetation in the Abies-Betula w. bioclimatic subdomain 
(Fig. 8.2). 
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For Picea-Pinus potential vegetation, dynamic modeling (LANDIS-II) suggests 
a significant amount of P. banksiana will be maintained (Fig. 8.7), even when niche 
models predict a less favorable habitat for this species. This divergence relates to the 
niche models relying only on climate, whereas LANDIS-II considers several other 
elements, including the impacts of the fire regime. 

Climate change may therefore affect vegetation as we know it today at different 
scales of ecological classification, from the bioclimatic subdomain to the potential 
vegetation level. Atthe same time, a great deal of uncertainty remains regarding future 
climate and vegetation changes. The high uncertainty means that anticipated changes 
in vegetation under climate change will likely be intermediate, falling between 
those projected under baseline conditions (minimum change) and those of RCP8.5 
(maximum change). The variability of climate scenario projections remains great 
given the highly unpredictable global, political, and social conditions that will exert 
a strong influence (IPCC 2021). Moreover, changes in climate conditions are likely 
to evolve over several decades; therefore, it could take decades or even centuries for 
highly inertial forest ecosystems, i.e., those resistant to change, to modify signif- 
icantly under future climate conditions. Finally, climate and forest models each 
have their predictive limitations and hence intrinsic uncertainty in addition to the 
uncertainty of climate scenarios. 

How can knowledge of natural variability (Sect. 8.2.3; Fig. 8.5) help us better 
interpret future vegetation changes? Past patterns in vegetation illustrate previous 
dynamics that can recur in the future and, therefore, help researchers formulate 
hypotheses about the limits of variability that species have experienced in the past 
and that may be exceeded in the future (Gillson & Marchant, 2014; Grondin et al., 
2020; Marcisz et al., 2018). 


1. In the Abies-Betula w. subdomain, both types of modeling, corresponding to 
the niche models (Step 2) and the LANDIS-II model (Step 3), suggest that by 
2100 there will be fewer favorable habitats for conifers and a gradual decline in 
their biomass. If the abundance of conifers becomes relatively low, as predicted 
for RCP8.5, then there will be fewer conifers in the landscape than over the 
past several thousand years (Fig. 8.5). It is difficult to compare the Holocene 
abundance of coniferous species with that expected in the future; thus, we cannot 
determine whether future landscapes will move beyond the range of their past 
natural variability. 

2. Populus tremuloides and Pinus banksiana are predicted to be abundant in the 
future (Fig. 8.7), albeit within a different context compared with the early 
Holocene when fires were frequent, and vegetation was in the afforestation stage 
(Fig. 8.5). After the afforestation period, and mainly from 5,000 to 2,000 yr BP, 
broadleaf species (B. papyrifera) remained abundant; the future Abies-Betula w. 
subdomain may present a similar vegetation pattern (Fréchette et al., 2018). 

3. Long-term regional natural variability indicates that P. banksiana has increased 
over the last millennium in western Québec (Fig. 8.5). This trend should continue 
under climate change with an increased fire incidence given the great ability of 
P. banksiana to renew itself in a recurrence dynamic (Couillard et al. 2016; 
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Frégeau et al., 2015; Payette et al., 2012). LANDIS-II modeling also supports 
this hypothesis, although there is a significant decrease in biomass, indicating 
that the stands will be younger. It is difficult to comment on the spatial variation 
of Pinus banksiana stands; however, one hypothesis holds that this species will 
increase in geographic extent (Schab et al., 2021; Splawinski et al., 2019). All 
these dynamics depend on the initial species composition at each site (greater or 
lower abundance of P. banksiana), the fire cycle, and the species' response to a 
potentially shortened cycle. 

4. Finally, the Holocene history of the Abies-Betula w. subdomain shows that P. 
strobus and T. occidentalis were historically well represented in the landscape 
during warmer climatic periods (Fig. 8.5). Both species are not considered in 
contemporary modeling because of their low current abundance. On the other 
hand, habitat models suggest that habitats will be suitable for the expansion of 
these species (Périé et al., 2009). This migration will nonetheless depend on 
multiple factors, e.g., the inertia of the vegetation. 


Overall, comparing past and future scenarios allows us to better situate the poten- 
tial magnitude of future vegetation change (e.g., the decreased abundance of conif- 
erous species), base future projections on specific patterns observed during the 
Holocene, e.g., broadleaf species such as Betula papyrifera, and propose hypotheses 
regarding future vegetation change, e.g., P. banksiana, P. strobus, T. occidentalis. 

Can knowledge generated by ecological classification (Sect. 8.1) be used to 
address the challenges inherent to climate change (Sect. 8.2)? (Question 2). Despite 
projected changes in forest ecosystem composition and dynamics at various spatial 
scales, we argue that current ecological classification can still provide a useful frame- 
work to inform future forest management (Loidi & Fernández-González, 2012). The 
characteristics that currently define potential vegetation at the local scale (soil, surfi- 
cial deposits, position, and slope) will continue to develop independently in future 
ecological domains, e.g., Abies-Betula versus Picea-Pinus. The assemblages within 
each potential vegetation will evolve according to the competitive abilities of its 
various species. The future toposequence will continue to show a gradation of poten- 
tial vegetation along a physiographic gradient. Each potential vegetation will have 
a specific future successional pathway, albeit different from the current pathway 
(Fig. 8.7). Moreover, each potential vegetation distributed along the toposequence 
will continue to be distinct from other assemblages, and the links with the current 
vegetation will likely remain for a long duration. Studies on how ecosystem inertia 
could limit future vegetation dynamics must be undertaken. Overall, the hierarchy 
of ecological classification (regional vs. local) and the specificity of each potential 
vegetation will continue to be paramount for strategic forest planning under climate 
change. 
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8.4 Conclusions 


It is evident from our first question (Question 1) that climate change will modify 
the principles of ecological classification. Given the expected modifications in forest 
vegetation composition and dynamics, we must integrate the expected variability and 
uncertainty of forest vegetation composition and dynamics into the current stable 
and predictable potential vegetation dynamics. The results presented in this chapter, 
through a three-step analysis, provide a preliminary view of the links between current 
ecological classification and forest management under climate change. This infor- 
mation is limited in scope and should be interpreted with caution. New knowledge, 
more complete than that currently available, will be added rapidly, especially through 
projects that address potential vegetation dynamics under climate change. In regard to 
the possible use of ecological classification in the context of climate change (Question 
2), we documented that each potential vegetation could change and be characterized 
by its own successional trajectory. Thus, we must maintain and manage this diversity. 
Ecological classification can and must assist forest managers in estimating poten- 
tial future changes despite inherent variability and uncertainty. The challenge is to 
select target species and silvicultural scenarios at the regional and local levels on the 
basis of the different trajectories that current forest stands are projected to follow 
under increased temperatures and precipitation amounts and changing disturbance 
regimes. “Decision makers within any institution, therefore, have to find their own 
way through sometimes conflicting information and face the prospect of planning 
with and for uncertainty" (Gauthier et al., 2014). 
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Abstract The ability of forests to provide ecosystem services and renewable goods 
faces several challenges related to insect defoliation. Spruce budworm outbreaks 
represent one of the major natural disturbances in the boreal forest of eastern North 
America. In this chapter, we will focus on the effects of defoliation by eastern spruce 
budworm in balsam fir and black spruce trees. We first describe tree water status 
depending on the duration of defoliation. We then present the response of springtime 
starch reserves and radial growth at different levels of defoliation. We summarize 
four mechanisms to explain mortality under defoliation and the consequences for 
forest management. 
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9.1 Introduction 


Insect outbreaks, fire, and drought are the major disturbances in forest ecosystems 
(Seidl et al., 2017). Worldwide, about 345 million ha of forests are affected annually 
by such disturbances (van Lierop et al., 2015). Because of their impact on growth 
and survival, insect outbreaks have serious economic and ecological implications for 
the boreal ecosystem (Sturtevant et al., 2015). Outbreaks of eastern spruce budworm 
(Choristoneura fumiferana (Clemens), hereafter SBW) occur periodically in eastern 
North America (Morin et al., 2010; Zhang et al., 2014). Cyclical SBW outbreaks 
during the twentieth century caused more than a 50% annual productivity loss and 
widespread mortality in spruce and fir species (Morin, 1994; Pureswaran et al., 2016). 
Since 2006, there has been a new and ongoing SBW outbreak in Québec, Canada, 
affecting more than 8 million ha of forest in 2018 (Bouchard et al., 2018; MFFP 
2018). 

Climate factors, such as temperature and precipitation, determine the distribution 
of SBW (Pureswaran etal., 2015). Ongoing climate change thus alters the interactions 
between plants and insects (Fleming & Volney, 1995; Haynes et al., 2014; Singer & 
Parmesan, 2010), directly influencing the frequency of outbreaks and their spatial 
distribution (Despland, 2018; Foster et al., 2013). Moreover, under global warming 
scenarios, future outbreaks will last six years longer than at present and produce 
1596 greater defoliation (Gray, 2008), thereby influencing the soil-plant-atmosphere 
continuum and the associated forest carbon, water, and energy dynamics (Balducci 
et al., 2020; Fierravanti et al., 2019; Liu et al., 2018). 

Given the ongoing global change, a 20 to 40% reduction in soil water content is 
expected in eastern North America (Houle et al., 2015). During the twentieth century, 
SBW outbreaks increased in duration and severity in eastern Canada (Navarro et al., 
2018). However, insect defoliation may offset the negative impact of water deficit 
on tree growth, thereby reducing mortality (Bouzidi et al., 2019; Itter et al., 2019). 
Nonetheless, the interactive effect of water availability and defoliation on tree water 
status remains puzzling (Quentin et al., 2012), especially when considering the short- 
term chewing effect of SBW (Bouzidi et al., 2019) and the long duration (ca. 10 years) 
of their outbreaks (Candau et al., 1998; Gray et al., 2000), which affect long-term 
water uptake and tree growth (Balducci et al., 2020). 

Outbreaks result in a tree mortality of approximately 5096 (Bergeron et al., 1995) 
and volume losses of 32-48% (Ostaff & MacLean, 1995) Thus, outbreaks play a 
significant role in the carbon (C) flux of forests, with losses estimated at 2.87 t C-ha^! 
over the course of an outbreak. Insect outbreaks represent a major disturbance that 
affects the entire physiology of a tree. The changes in carbon allocation patterns under 
defoliation have important physiological consequences, including the modification 
of bud burst (Deslauriers et al., 2019), a drastic reduction in radial growth rate, 
i.e., wood formation (Bouzidi et al., 2019; Deslauriers et al., 2015), and increased 
tree mortality (Fierravanti et al., 2019). As the mortality of defoliated trees depends 
on many factors, including water status and carbon allocation, disentangling these 
effects can help predict tree mortality under defoliation. 
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This chapter aims to describe the effect of defoliation by SBW on the water status 
and carbon allocation of balsam fir (Abies balsamea L. Mill.) and black spruce (Picea 
mariana (Mill.) BSP). We first describe the short- and long-term effects of budworm 
defoliation on the tree and soil water status. We then describe how growth reduction 
following defoliation is associated with a reduction in carbon reserves. Last, we 
describe how changes in tree water status and carbon allocation affect tree mortality 
and discuss the related implications for forest management. 


9.) Changein the Water Status of Trees and Soils During 
Budworm Defoliation 


Depending on the specific plant-insect interaction, the direct effects of defoliation 
on plant water status range from positive to negative (Aldea et al., 2005; Nardini 
et al., 2012; Pittermann et al., 2014). An improvement in tree water potential, i.e., an 
increase in leaf water potential, has been observed at the beginning of a defoliation 
event in partially defoliated eucalyptus trees (Eyles et al., 2013; Quentin et al., 2011, 
2012). In contrast, insect attacks on broadleaf species reduce leaf size and, therefore, 
midday water potential, leading to morphological and physiological changes that are 
similar to drought responses (Nabity et al., 2009; Peschiutta et al., 2016). Similarly, 
lower water content has been observed on defoliated twigs in balsam fir (Deslauriers 
et al., 2015), black spruce (Bouzidi et al., 2019), and Scots pine (Pinus sylvestris 
L.) (Salmon et al., 2015), indicating a higher evaporative demand in defoliated trees 
and a consequent decrease in tree water status during defoliation. The responses of 
defoliated conifers to water must therefore consider the cumulative effect of defo- 
liation over both shorter and longer periods to better understand the impact on tree 
mortality. 


9.2.1 Short-Term Effects 


The plant water status of black spruce saplings defoliated by eastern SBW shows 
time-dependent effects (Bouzidi et al., 2019). During defoliation, i.e., when the 
budworm is feeding vigorously on the needles, a higher evaporative demand and 
lower midday leaf water potential (Y ma) were observed, whereas there was an oppo- 
site pattern after the period of defoliation (Fig. 9.1) (Bouzidi et al., 2019). This was 
closely related to the timing of measurements linked with the period of larvae feeding. 
Although plant water status changes rapidly during and after defoliation, no effect 
of defoliation has been observed on soil moisture (Bouzidi et al., 2019). 

In the short term, Yma is often lower in defoliated plants than nondefoliated 
controls, indicating a higher evaporative demand during or immediately following 
defoliation (Salmon et al., 2015). Eyles et al. (2013) also report a decrease in Ya 
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Fig. 9.1 Predawn (Ypd, MPa) and midday (Ymd, MPa) leaf water potential of black spruce 
saplings subjected to defoliation. The shaded gray areas indicate defoliation periods. Different 
letters indicate significant differences (P « 0.05) in the defoliated treatments per sampling period. 
Modified by permission of Springer Nature from Bouzidi et al. (2019) 


in saplings subjected to different levels of defoliation—50% or 100% apical bud 
damage. The decrease of Y ma occurs over a short period (approximately two weeks) 
and is caused by the mechanical chewing action of larvae during active defoliation 
(Bouzidi et al., 2019). In contrast, predawn leaf water potential (Y ma) is not affected 
during or after defoliation by SBW (Fig. 9.1). Budworm feeding habits damage 
many growing needles, resulting in a loss of turgor or even localized cavitation 
because of the entry of air into the water conduits of damaged needles; this likely 
decreases leaf water potential. However, an opposite pattern is observed afterward 
during the post-defoliation period when leaf V md is higher in nondefoliated saplings 
(Fig. 9.1); this observation agrees with similar patterns for defoliated Larix decidua 
Mill., Pinus strobus L., and Quercus velutina Lam. (Vanderklein & Reich, 2000; 
Wiley et al., 2013). When direct defoliation ceases, the reduced leaf area leads to 
lower transpiring woody tissues (Schmid et al., 2017; Wiley et al., 2013), thereby 
decreasing water transport. In the short term, therefore, defoliation affects the plant- 
water relationship both negatively (during active defoliation by growing instars) and 
positively (after defoliation). 
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9.2.2 Long-Term Effects 


An event of several years of needle loss reveals a different response than that observed 
for short-term defoliation, i.e., one year. We define long-term effects as mean various 
defoliation intensities lasting between 5 and 15 years. To study the long-term effects 
of recurrent defoliation on the water status of trees and soil, we measured soil volu- 
metric water content (VWC), shoot relative water content (SWC), and midday water 
potential (Wma) along a defoliation gradient in black spruce and balsam fir during 
a two-year period (2014—2015) at several sites in Québec, Canada (Balducci et al., 
2020). The decrease in SWC and V with increased total tree defoliation reveal that 
the plant water status reflects the quantity of foliage loss in mature trees (Fig. 9.2). 
In the long term, the water potential of both fir and spruce (Wma) decreases with 
greater defoliation; values range from —1.01 MPa at 0% defoliation to a maximum of 
—1.84 MPa in completely defoliated plants. Plant water status lowers as defoliation 
increases (Fig. 9.2). At low defoliation levels between 5 and 15%, Y ma increases from 
—0.96 to —0.87 MPa but becomes more negative at higher defoliation levels (72096), 
suggesting a threshold effect. Therefore, at the beginning of defoliation (<20%), the 
reduced leaf area shows a similar effect to the post-defoliation period (Fig. 9.1), also 
leading to lower leaf transpiration (Schmid et al., 2017; Wiley et al., 2013). 

In defoliated trees, Ya is also more negative (reaching values of between —0.96 
and —1.36 MPa) with an increasing vapor pressure deficit (VPD) (ranging from 0.1 
to 0.8 kPa, Fig. 9.2). High VPD decreases the midday water potential, i.e., an increase 
in water tension in the xylem. Trees having a more negative water potential because 
of high VPD are also more likely to lose hydraulic conductivity, with a consequent 
increase in the risk of xylem embolism (Tyree & Sperry, 1989) and eventual death 
by hydraulic failure (Adams et al., 2017; Anderegg et al., 2013). In two consecutive 
years of defoliation, an increase in defoliation also resulted in a significant decrease 
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Fig. 9.2 Midday water potential (V qq) expressed as a function of vapor pressure deficit (VPD) 
and defoliation (76) in both balsam fir and black spruce. The solid lines represent the fitted linear 
regression, the dashed lines refer to the 95% confidence interval for the data points, and the vertical 
bars represent the standard deviation of the mean. Modified with permission from Elsevier from 
Balducci et al. (2020) 
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Fig. 9.3 Soil volumetric water content (VWC, %) and shoot relative water content (SWC, 96) 
expressed as a function of defoliation for sampled trees in 2014 and 2015. Data includes the fitted 
linear regression (solid black line), the 9596 confidence intervals (dashed lines), and the standard 
error of the individual data points (vertical bars) 


in the SWC (Fig. 9.3). Similar results have been found in the twigs of mature balsam 
fir, where the SWC decreased by 896 in defoliated trees compared with nondefoliated 
trees (Deslauriers et al., 2015). 

Although Wma dropped as defoliation increased (Fig. 9.2), soil VWC increased 
in both 2014 and 2015 (Fig. 9.3). In both years, VWC was close to 1446 in lightly 
defoliated trees, whereas, in fully defoliated trees, VWC increased from 17% in 
2014 to 2596 in 2015. These results for the plant and soil water content of defoli- 
ated trees therefore suggest a reduced water transfer throughout the soil-plant-air 
continuum. As also observed by Dietze and Matthes (2014), a slight increase in 
soil water content occurs following defoliation. Such an increase can be explained 
by (1) a loss of foliage at a greater rate than fine root production and (ii) reduced 
transpiration. Defoliated trees markedly alter water storage in the soil and the water 
balance of a stand by changing the ratio between water input (precipitation) and 
output (evapotranspiration) (Dietze & Matthes, 2014; Hata et al., 2016). 

When defoliation increases canopy transparency, such as via canopy openness 
(Hata et al., 2016), less precipitation is intercepted by the canopy, and, consequently, 
the soil receives more water (Sun et al., 2015). As vegetation cover reflects water 
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movement in the soil-plant sphere, a higher percentage of cover (a larger leaf area 
index, LAI) increases evaporation from interception, thereby compensating for the 
reduced evaporation from the soil (Fatichi & Pappas, 2017). Defoliation thus changes 
the water storage, i.e., the difference between precipitation and evapotranspiration 
(Viglizzo et al., 2016) through a reduced interception and canopy evaporation. An 
ecophysiological framework applied to ponderosa pine (Pinus ponderosa Dougl. ex 
C. Lawson) in western North America showed that canopy transparency at higher 
defoliation levels increases soil moisture in response to reduced canopy transpiration 
and dryness of the soil surface because of increased evaporation (Dietze & Matthes, 
2014). In the boreal forest of eastern Québec, however, temperatures are generally 
low and precipitation abundant, i.e., greater than soil evaporation (Gauthier et al., 
2015); this is particularly true in boreal forest peatlands where the contribution of 
transpiration to evapotranspiration is limited to 196 (Warren et al., 2018). 


9.3 Carbon Allocation in Conifers Defoliated by Budworm 


The intra-annual carbon allocation is severely modified during defoliation (Figs. 9.4 
and 9.5) because recurrent defoliation represents a special case of carbon source limi- 
tation (Kórner, 2015). The changes will be reflected in carbon sink priority, which is 
ordered according to organ priorities with seed production having the highest priority 
and reserves the lowest (Minchin & Lacointe, 2005). In conifers, carbon reserves in 
the form of starch increase before the resumption of shoot and stem growth (Desalme 
et al., 2017; Hoch et al., 2003; Little, 1970; Martinez-Vilalta et al., 2016), and the 
highest amounts of starch are found in the needles (Deslauriers et al., 2015, 2019). 
Regardless of host species (balsam fir, white spruce, or black spruce), recurrent defo- 
liation prevents the accumulation of starch during the spring (Deslauriers et al., 2015, 
2019), thus reflecting sink priority. The reduction in the buildup of carbon reserves is 
followed by an earlier bud burst, promoting needle growth at the expense of cambium 
activity; thus, ring width decreases. Multiple studies on conifers have illustrated the 
changes occurring in the carbon reserves of nondefoliated and defoliated trees, the 
latter having a lower starch content (Webb, 1980, 1981; Webb & Karchesy, 1977). 
In conifers (except for larch), the older needles assimilate and store carbon, espe- 
cially during the period preceding bud burst and growth. Under defoliation condi- 
tions, any change in carbon balance thus occurs initially in the starch reserves of 
older needles (Deslauriers et al., 2019; Vanderklein & Reich, 1999) because of 
reduced starch accumulation during the spring (Wiley & Helliker, 2012) before defo- 
liation (Fig. 9.4). Therefore, the defoliation level closely corresponds to differences 
in springtime starch reserves (Fig. 9.5) and radial growth (Fig. 9.6); both variables 
decrease at higher defoliation levels. Within a wider annual context, the metabolism 
of starch and soluble sugars during the year (Figs. 9.4 and 9.5) becomes biologically 
meaningful compared with growth activity and bud dormancy. After bud break, starch 
levels slowly decrease during the summer to sustain primary and secondary growth 
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(Deslauriers et al., 2019; Webb & Karchesy, 1977); however, when the starch reserves 
fail to increase under defoliation, radial growth decreases proportionally. 

The absence of starch buildup during the spring reveals the changes occurring in 
carbon allocation under defoliation. Rather than allocating carbon to starch reserves 
during the spring (Figs. 9.4 and 9.5), this carbon is allocated to shoot growth, which 
has a higher sink strength, at the expense of radial stem growth and reserve accumula- 
tion; this change represents a shift in the trees' priorities for physiological resources 
to ensure survival (Deslauriers et al., 2019). In deciduous conifers such as larch 
(Larix decidua Mill.) affected by budmoth (Zeiraphera griseana Hübner), however, 
replenishment of carbon storage for refoliation is prioritized (Peters et al., 2020). 

In conifers, newly assimilated carbon by older needles is mainly allocated to the 
canopy during primary growth (85% of the allocated ?C), with only a minor fraction 
(1.696) translocated to the lower stem (Heinrich et al., 2015). During primary growth, 
the substantial loss of needles under defoliation produces a carbon limitation in other 
parts of the tree, mainly in the stem wood where starch starvation can occur (Fig. 9.5, 
right). Carbon allocation to the roots is also severely impaired after defoliation (Li 
et al., 2002; Reich et al., 1993). As bud growth competes with other sinks, such as 
wood formation (Antonucci et al., 2015; Deslauriers et al., 2016; Huang et al., 2014; 
Traversari et al., 2018) and root growth (Reich et al., 1993), prioritizing carbon 
allocation to the buds has a positive impact on bud opening and successive shoot 


Budbreak 
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Fig. 9.4 Variations of starch (orange) and sugar (blue) concentrations over a year in the shoots of 
boreal conifers. The cases of no defoliation (top) and after several years of defoliation (bottom) are 
presented. Bud break generally occurs around the maximum of starch accumulation during spring. 
Under recurrent years of defoliation, needle loss impairs starch accumulation during the spring and 
can reduce soluble sugar concentrations in several tree organs (e.g., needles, twigs, stem, and roots). 
Photo credits Annie Deslauriers 
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Fig.9.5 Variation in starch (mg: g la) measured in leaf (right) and stem wood (left) of balsam fir 
during the growing season for the different defoliation classes (nondefoliated, moderately defoliated, 
and heavily defoliated). Vertical bars represent the standard deviation among six trees. Note the 
different scales of the vertical axes. Modified from Deslauriers et al. (2015), CC BY 4.0 license 
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Fig.9.6 Tree-ring widths in trees belonging to the four defoliation classes in black spruce and 
balsam fir, from measurements obtained between 2006 and 2015. DO represents nondefoliated 
trees, and D1, D2, and D3 represent 1%-33%, 33%-66%, and 6696—10096 defoliation, respectively. 
Different letters indicate significant differences between defoliation classes. Rectangles indicate 
situations where data points sharing the same letter are overlapping on the plots. Reproduced from 
Fierravanti et al. (2019), CC BY 4.0 license 
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growth but negatively affects secondary growth, i.e., tree-ring formation (Fig. 9.6; see 
also Peters et al. (2020) and Deslauriers et al. (2015) for impacts on wood formation 
and wood anatomy). 


9.4 How Changes in Water Status and Carbon Allocation 
Affect Tree Mortality 


Exploring the effect of SBW defoliation on tree water status and carbon alloca- 
tion reveals that four mechanisms can trigger tree mortality: the difficulty in water 
reaching the remaining needles, hydraulic failure, the decrease in carbon storage 
during spring, and the decrease in radial growth. 


9.4.1 Decreased Shoot Water Content in Defoliated Trees 
and the Related Mortality 


Needle damage and death due to defoliation are visible effects of insect feeding, 
and these signs integrate a series of physiological changes within plants. First, they 
represent a direct constraint on transpiration (Pincebourde et al., 2006), linked to a 
decrease in water reaching the remaining needles as defoliation increases (Sack & 
Holbrook, 2006). Therefore, the relative water content of shoots gradually drops 
with increasing defoliation (Deslauriers et al., 2015). Consequently, water potential 
decreases and gradually impairs water relations in defoliated trees (Fig. 9.7; also see 
Sect. 9.1). In the twentieth century, cumulative climatic stresses—two cold springs 
that reduced photosynthetic activity followed by a warmer summer that induced 
higher evapotranspiration— preceded SBW outbreaks and induced tree mortality in 
black spruce and balsam fir (De Grandpré et al., 2019). A better understanding of 
water status imbalance by defoliation and its consequences on tree mortality must 
consider (i) tree ontogeny, as the physiology of young and mature trees can differ 
within the same species, and (ii) the interaction between defoliation (biotic stress) 
and environmental stress (reduced soil moisture and atmospheric drought, including 
a high VPD. 

Under controlled conditions, four-year-old saplings of fir, white spruce, and black 
spruce affected by severe defoliation after a full year of SBW outbreak show mainly 
bud phenological shifts. This alteration modifies the carbon allocation within the trees 
to primary rather than secondary growth (Deslauriers et al., 2019) and thereby ensures 
tree survival. Similarly, in young black spruce, a mild defoliation intensity (~40%) 
Observed in current-year defoliation does not compromise tree survival, although 
water status is negatively affected during active insect feeding (Bouzidi et al., 2019). 
Under concomitant defoliation and drought stresses, however, the effect of drought 
prevails over defoliation-related stress. Drought alone increases the sapling mortality 
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Fig. 9.7 Summary of the effect of environmental (VPD, vapor pressure deficit) and biotic stresses 
(spruce budworm) on the water status of trees (RWC, root water content; W eaf , leaf water potential) 
and soil in defoliated and nondefoliated trees. Symbols (—) and (+) represent the limiting and 
optimal soil water availability, respectively. Modified with permission from Elsevier from Balducci 
et al. (2020) 


of black spruce immediately after the stress period. Nondefoliated drought-related 
saplings show higher mortality rates during the first two weeks after resuming irri- 
gation (0.3 dead saplings-day~!) compared with defoliated drought-related saplings 
(0 dead saplings-day~') (Bouzidi et al., 2019). The detrimental effects observed 
in needles during active defoliation become positive for tree water balance in the 
first few weeks. After two weeks, the mortality rate in defoliated saplings remains 
similar (0.05—0.1 dead saplings-day~!) to defoliated drought-related spruce. This 
difference in mortality rates occurs mainly because of the water storage effect in 
defoliated plants, as the reduced foliar biomass temporarily decreases water loss 
through transpiration. 

As the hydraulic pathway from roots to canopy can be jeopardized by defoliation, 
trees maintain leaf water potential within functional limits to avoid critical levels 
of hydraulic failure and death (Benito Garzón et al., 2018). The hydraulic safety 
margin (HSM), which is the difference between the minimum leaf water potential 
measured in the plants (Win) and that inducing 12 and 50% embolism, acts as an 
internal hydraulic buffer and provides information about the thresholds of leaf water 
potential inducing hydraulic failure. These physiological mechanisms involved in 
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the resistance to cavitation are species-specific (Delzon et al., 2010); plants can 
differ in their safety margins. Atmospheric demand also negatively influences water 
potential (VPD). Trees experiencing a greater negative water potential because of an 
increase in VPD, i.e., increased summer temperatures and decreased air humidity, are 
also more likely to lose hydraulic conductivity following xylem embolism (Tyree & 
Sperry, 1989) and eventually die (Adams et al., 2017). 

In young black spruce trees, the xylem tension induces a 50% loss of conductivity 
(P50) to —4.26 MPa, whereas the xylem air entry pressure (P12) is —2.9 MPa 
(Balducci et al., 2015). Therefore, the HSM of young defoliated trees is large (Bouzidi 
et al., 2019), explaining the low mortality rate. Juvenile wood is also more resistant to 
xylem failure by embolism than mature wood, decreasing the former's vulnerability 
to cavitation relative to that of older trees (Domec et al., 2009). This greater resistance 
to xylem failure by embolism in younger trees is mainly due to their smaller xylem 
cell diameter. In mature stands during the period of active defoliation, shoot water 
potentials surpassed V pin thresholds, inducing 12% xylem embolism in mature black 
spruce but not in balsam fir (Balducci et al., 2020). The W min reached —2.95 MPa, 
which corresponds to the onset of xylem embolism in balsam fir—average xylem air 
entry pressure, P12, being around —2.8 MPa in nondefoliated trees. Mature balsam 
fir might therefore have experienced greater xylem embolism during defoliation 
compared with defoliated black spruce and, thus, showing a narrower HSM under 
defoliation and a higher risk of hydraulic failure than the latter. Trees show a narrow 
HSM; therefore, they operate close to the hydraulic failure level (Choat et al., 2012). 
But populations that experience a narrower HSM are strongly associated with higher 
mortality (Benito Garzón et al., 2018). Conifers in North America, Europe, and 
Australia exhibit a large interspecific variability of cavitation resistance (Delzon 
et al., 2010). Although the phenotypic variability is considered negligible in the point 
of critical loss of xylem conductivity, intraspecific variability in P50 has recently 
been reported in some species (Anderegg, 2015; Benito Garzón et al., 2018). In this 
context, the HSM for young black spruce is greater than for mature black spruce, 
which is greater than that for mature balsam fir. Therefore, the mortality rate under 
defoliation follows an opposite pattern, suggesting that in future scenarios of more 
frequent and intense drought events and SBW attacks, balsam fir could be more 
vulnerable than black spruce. 

The integration of knowledge regarding water status and the hydraulic conduc- 
tivity of trees can help us understand mortality dynamics in natural conditions 
(Martinez-Vilalta et al., 2019). In mature trees, SBW outbreaks of longer duration and 
higher intensity limit tree survival (Chen et al., 2017; MacLean, 1980). Several studies 
agree that mature firs are more sensitive, 1.e., higher tree mortality, after five years 
of severe defoliation by SBW than other host species, e.g., white and black spruce 
(MacLean, 1980, 2016; Virgin & MacLean, 2017). However, species susceptibility 
to SBW depends on the stand, with higher mortality rates in balsam fir-dominated 
stands than in mixed boreal stands, although mortality remains high for the host 
species (Bouchard et al., 2005). A greater abundance of hardwood in stands signif- 
icantly reduces the dispersion of the second instars (L2) of SBW, thereby helping 
limit balsam fir defoliation (MacLean, 2016; Zhang et al., 2020). A similar consensus 
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exists for the survival of balsam fir regeneration, where the type of forest overstory 
(as hardwood, softwood, and mixed) reduces or increases seedling mortality rate to 
17% and 24% to 26%, respectively (Nie et al., 2018). Furthermore, seedling height 
is likely associated with a larval density increase, as taller seedlings of balsam fir 
and black spruce are more defoliated than shorter seedlings (1096) (Cotton-Gagnon 
et al., 2018; Lavoie et al., 2019; Nie et al., 2018). Balsam fir at 1.2 m height has a 
50% probability of sustaining severe defoliation, whereas for black spruce the same 
probability of severe defoliation is attained only when seedlings are taller than 3.5 m. 
Thus, balsam fir is 15% more defoliated than black spruce (Cotton-Gagnon et al., 
2018; Lavoie et al., 2021; Nie et al., 2018). Nonetheless, taller seedlings grown in 
open conditions should show greater survival than seedlings under shaded conditions, 
even if the defoliation level reaches 75% (Nie et al., 2018). 


9.4.2 Decreased Carbon Storage and Growth in Defoliated 
Trees Leads to Greater Mortality 


Boreal stands of spruce and fir can tolerate extended periods of spruce budworm 
defoliation because trees allocate most of their carbon resources to the production of 
new shoots and needles (Deslauriers et al., 2019; Piene, 1989a, b) rather than storage 
(Figs. 9.4 and 9.5) or stem radial growth (Fig. 9.6). This allocation strategy allows 
trees to endure several years of defoliation before eventually succumbing when very 
few needles remain. Compensatory mechanisms are also used to maximize carbon 
gain under defoliation, such as longer needle retention (Doran et al., 2017) and greater 
epicormic bud production (Piene, 19892). 

Under defoliation, drastic growth reductions in dying balsam fir trees occur simul- 
taneously with declines in starch reserves, especially in May and June. A nominal 
logistic regression can calculate the probability of tree mortality on the basis of 
starch concentrations (Fig. 9.8). The starch concentration in needles in May explained 
the increase in tree mortality, with the minimum values indicating mortality during 
spring (Fig. 9.8). The starch concentration at which the probability of plant mortality 
exceeds 50% is significant in May, having a value of 28 mg-g là of starch in 
needles (Fig. 9.8). This threshold is reached only in defoliation classes higher than 
66%, although the probability of mortality begins to increase between 33 and 66% 
defoliation (Fierravanti et al., 2019). 

By using canonical correlation, Fierravanti et al. (2019) showed how defoliation 
intensity is inversely correlated to changes in both growth (Fig. 9.6) and carbon 
allocation (Fig. 9.8). In balsam fir, mortality is related to both reduced radial growth 
(i.e., as measured by tree-ring width) and starch reserves; however, a direct causal 
link requires further testing, including carbon allocation at the whole tree level in 
relation to the tree water status (see Sect. 9.1). The physiological mechanisms that 
lead to mortality and the associated change in growth rates remain poorly known, 
although mortality is preceded by growth reductions in 8446 of cases (Cailleret et al., 
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Fig. 9.8 Logistic function linking starch concentrations in May with the probability of balsam fir 
mortality. The box plot represents starch concentrations across the different defoliation classes. 
The gray rectangles represent the threshold of tree mortality at a probability of 50%. DO represents 
nondefoliated trees, and D1, D2, and D3 represent 1%-33%,33%-66%, and 66%—100% defoliation, 
respectively. Reproduced from Fierravanti et al. (2019), CC BY 4.0 license 


2017), as observed in balsam fir (Fig. 9.6). Moreover, for shade-tolerant species such 
as balsam fir, the probability of tree mortality is a function of the growth rate with 
increasing size (Das et al., 2016; De Grandpré et al., 2019; Kneeshaw et al., 2006). 
In the absence of environmental changes, the common assumption is that the tree 
growth rate is inversely associated with the probability of mortality and the slowest- 
growing trees having a higher probability of dying (Das et al., 2016; De Grandpré 
et al., 2019; Kneeshaw et al., 2006). Co-occurring past disturbances—climatic and 
biotic stress events—result in a reduced tree growth (Das et al., 2016; De Grandpré 
et al., 2019; Kneeshaw et al., 2006); thus, a lower growth rate appears to be an early 
signal of tree vigor in boreal conifers. 


9.5 Implications for Forest Management 


Improved knowledge of the changes in water status and carbon allocation of fir 
and spruce in relation to water deficits, meteorological conditions, and defoliation 
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will help refine current forest management practices to reduce the impacts of SBW 
outbreaks. A better understanding of the factors driving mortality is particularly 
critical in the case of SBW-caused mortality in eastern Canada, as trees that die 
following SBW defoliation generally decay too quickly to be salvaged and used in 
conventional transformation processes such as pulp and paper or sawmills. 

We highlight that over several years of defoliation, a tree's capacity to absorb 
and conduct water decreases as defoliation increases. Over the long term, i.e., 5 
to 15 years (as described above), defoliated trees are therefore more susceptible to 
drought, potentially generating synchronous mortality in defoliated trees when severe 
drought conditions occur. Moreover, larger trees, which tend to have a higher portion 
of their energy budget devoted to supporting their existing biomass, are probably even 
more exposed to such events. This reinforces the idea that the most effective means of 
preventing defoliation-caused mortality, other than spraying insecticides, is probably 
to harvest susceptible trees relatively early during outbreak development, e.g., less 
than five years after defoliation is first observed at the stand level. The sudden bursts 
of mortality likely to occur during eventual droughts can therefore be anticipated and 
prevented, at least in part. 

Although the main harvesting method in a SBW outbreak context is clear-cutting 
(followed or not by plantation), partial harvesting can be used under particular condi- 
tions. We suggest that when partial cuts are used, black spruce—less likely to be 
severely defoliated and more likely to maintain hydraulic conductivity—and smaller 
or younger trees should be left unfelled, as they are less likely to suffer mortality. 
To further refine guidelines for partial harvesting in a SBW outbreak context, future 
studies should look at differences in susceptibility to defoliation and water deficit in 
trees that belong to a range of size classes (from seedlings to large trees) and canopy 
positions, i.e., acclimated to different shade levels. 
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Abstract Partitioned estimates of the boreal forest carbon (C) sink components 
are crucial for understanding processes and developing science-driven adaptation 
and mitigation strategies under climate change. Here, we provide a concise tree- 
centered overview of the boreal forest C balance and offer a circumpolar perspective 
on the contribution of trees to boreal forest C dynamics. We combine an ant's- 
eye view, based on quantitative in situ observations of C balance, with a bird's-eye 
perspective on C dynamics across the circumboreal region using large-scale data 
sets. We conclude with an outlook addressing the trajectories of the circumboreal C 
dynamics in response to projected environmental changes. 
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10.1 Introduction 


One of the many services that forest ecosystems offer to humanity is the absorption 
of atmospheric CO» and its conversion to chemical energy stored as biomass. Plant 
biomass, which has about 50% carbon (C) content, represents the largest biomass 
pool of the biosphere (Bar-On et al., 2018). In the Anthropocene, characterized by 
continuously increasing anthropogenic CO» emissions, this forest C sink has been 
a particularly important yet vulnerable component of the terrestrial C balance and 
a fundamental ecosystem service. Forests have a pronounced effect on the Earth's 
biogeochemical cycles and climate system (e.g., Bonan, 2008; Ciais et al., 2019; 
Friedlingstein, 2015). The latest estimates report that the land C sink amounts to about 
three Pg C-yr^! (where 1 Pg equals 10P g), which corresponds to an average of 25 g 
C-yr^! stored per square meter of vegetated land (Fatichi et al., 2019; Le Quéré et al., 
2018). Attributing the terrestrial C sink to specific components and their inherent 
processes is important and topical, not only for a better understanding and modeling 
of the biogeochemical cycles under climate change but also for applying science- 
driven adaptation and mitigation strategies (Duncanson et al., 2019; Friedlingstein 
et al., 2020; Grassi et al., 2018; Kurz et al., 2013). 

Natural management solutions, like tree planting and forest regrowth or densi- 
fication, have been advocated as viable approaches for removing a fraction of the 
continuously increasing anthropogenic CO» emissions (Cook-Patton et al., 2020). 
However, concerns have been raised regarding the efficacy of such natural solutions, 
as biophysical (e.g., energy, water, and nutrient availability) and ecological (e.g., 
self-thinning) theory provides well-known constraints on a tree's capacity to grow, 
thrive, and sequester C (Baldocchi & Peñuelas, 2019; Popkin, 2019). Moreover, 
the long-term strength of this C sink is also shaped by disturbance dynamics and the 
turnover rates of the different C pools, e.g., leaves and roots, which span a large range 
of temporal scales, i.e., C residence times, rather than tree growth per se (Bugmann & 
Bigler, 2011; Carvalhais et al., 2014; Clemmensen et al., 2013; Friend et al., 2014; 
Harmon, 2001; Körner, 2017; Yu et al., 2019). Thus, disentangling the C balance 
pools could facilitate a robust and quantitative description of the C sink strength and 
its fate under global change (Anderegg et al., 2020; Brienen et al., 2020; Büntgen 
et al., 2019; Duchesne et al., 2019; Pugh et al., 2019b). 

The circumboreal region represents a massive amount of land (ca. 33% of the 
Earth's forested area); thus, understanding and quantifying its C balance is extremely 
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critical for both science and policymaking. Boreal forests constitute the largest C 
storage pool in the extratropics, with a total biomass stock of 270 Pg C, the largest 
fraction of which is stored belowground—218 Pg C, as soil organic matter, litter, fine 
and coarse roots (Pan et al., 2013). About 0.74 trillion trees grow in the boreal region 
(Crowther et al., 2015), with a total living aboveground biomass (overstory vegeta- 
tion) of approximately 54 Pg C, having an average biomass density of 5 kg C-m? 
(Pan et al., 2013). Ongoing environmental changes, including a higher frequency 
and intensity of transient disturbances (e.g., droughts, heat waves, fires, and insect 
outbreaks) and persistent changes (e.g., permafrost thaw and the warming and asso- 
ciated shifts in spring and autumn phenology) affect boreal forest C sink strength 
(Amiro et al., 2010; Bradshaw & Warkentin, 2015; Pugh et al., 2019a; Seidl et al., 
2017). Such changes in the C cycle also impact the intrinsically coupled water and 
energy cycles and could trigger numerous feedbacks to the climate system at local, 
regional, and global scales. 

Numerical models, supported by novel monitoring techniques, allow us to quantify 
the forest C balance and its components. However, observations and mechanistic 
models, e.g., the biochemical model of photosynthesis (Farquhar et al., 1980), are 
much more refined for aboveground processes than belowground ones. This reflects a 
bias imposed by the ease of measuring certain variables, e.g., aboveground vegetation 
monitoring with direct measurements, forest surveys, and remote sensing, compared 
with the variables and dynamics of belowground biogeochemical processes, which 
are more challenging to observe (e.g., Kórner, 2018). From a C balance perspective, 
whereas tree stature, leaf area, and the biochemical properties of foliage define the 
C supply (source), it is the interplay with the belowground resources, e.g., water and 
nutrient availability, and the environment, e.g., temperature, that shape tree growth 
(sink) and ecosystem C partitioning at intra- and interannual time scales (e.g., Fatichi 
et al., 2019). 

Here, we provide a concise overview of the magnitude and variability of boreal 
forest C fluxes and offer a circumpolar perspective on the contribution of trees to the 
boreal forest C balance. We deliberately provide a tree-centered perspective and focus 
mainly on vegetation physiological processes (e.g., Babst et al., 2021). Yet, forest 
management, natural disturbances (e.g., fires, insect outbreaks, and permafrost thaw), 
and forest demography, all of which are not discussed here, are fundamental coregu- 
lators of boreal forest structure and functioning and have pronounced implications for 
the boreal forest C sources and sinks (Anderegg et al., 2020; Brassard & Chen, 2006; 
McDowell et al., 2020). We combine an ant’s-eye view, based on quantitative in situ 
observations of the component C fluxes and pools within three boreal forests—span- 
ning from eastern Siberia to Finland to central Canada—with a bird's-eye perspective 
on C dynamics across the circumboreal region using spatially explicit state-of-the-art 
remote-sensing and machine-learning data sets. The compiled literature illustrates 
the importance of tree physiological processes in shaping the tree-level C balance 
and the interplay with belowground processes in regulating the C balance at the land- 
scape and ecosystem levels. We conclude with an outlook on the potential trajectories 
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of C dynamics in the circumboreal region in response to the projected increase in air 
temperature, vapor pressure deficit, and atmospheric CO» concentration, on the basis 
of a tree-level physiological understanding and large-scale observational evidence. 


10.2 Forest Carbon Balance and Its Components 


The terrestrial C sink is often quantified by net ecosystem production (NEP), which 
is the difference between two large fluxes: the C assimilated through photosynthesis 
(C input), which at the ecosystem level is referred to as gross ecosystem produc- 
tion (GEP), and the C that is released to the atmosphere as ecosystem respiration 
(Reco; C output), i.e., the sum of autotrophic (R) and heterotrophic (Rp) respiration 
components (Fig. 10.1; Chapin et al., 2006; Fatichi et al., 2019; Keenan & Williams, 
2018; Manzoni et al., 2018). If the balance of these two fluxes is positive, i.e., NEP 
= GEP - Reco > 0, then the ecosystem is a C sink. The net primary production 
(NPP = GEP - R3) corresponds to the assimilated C that is invested into structural 
biomass growth, root exudates, nonstructural carbohydrates, and biogenic volatile 
organic compounds. When NPP is expressed as a fraction of GEP, it provides an 
integrated metric of ecosystem carbon use efficiency (CUE), i.e., CUE = NPP/GEP 
= 1 —(R,/GEP) (Fatichi et al., 2019; Manzoni et al., 2018). Several methods exist for 
measuring and inferring the components of the C balance (Fig. 10.1). They include 
(1) the eddy covariance technique (Baldocchi, 2020) used to measure the forest- 
stand level net exchange of CO» between the land surface and the atmosphere, i.e., 
net ecosystem exchange (NEE), where NEE — -NEP in the absence of lateral C 
fluxes and major disturbances, and to infer the component C fluxes, i.e., GEP and 
Reco (Reichstein et al., 2005); (2) repeated inventories of permanent forest moni- 
toring plots to derive area-based C fluxes and pools (Anderson-Teixeira et al., 2015; 
Clark et al., 2001); (3) gas exchange chambers, e.g., enclosing specific soil patches 
Or tree organs or entire plants or trees (Drake et al., 2019); and (4) biometric methods 
for reconstructing aboveground tree growth at the forest-stand level from tree-ring 
widths, allometric relationships, and information on forest-stand demography (e.g., 
Campioli et al., 2016). In addition, recent technological advancements in airborne 
and satellite remote sensing, e.g., NASA's GEDI mission; https://gedi.umd.edu/, and 
multivariate data synthesis initiatives, e.g., the Forest Observation System initiative, 
http://forest-observation-system.net/, offer spatially explicit products of C fluxes and 
pools worldwide (Rodríguez-Veiga et al., 2019; Schepaschenko et al., 2019; Thurner 
et al., 2014). 
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(a) C balance | Terminology (b) Ecosystem 


Remote sensing Eddy covariance 


Qa 
Lui 
o 


e C input 


(f) Belowground 


Fig. 10.1 a An overview of the terrestrial carbon (C) balance and common measuring techniques 
at the b ecosystem, c tree, and organ level, including d leaf, e wood, and f roots. a Ecosystem- 
level C input (gross ecosystem production; GEP) and output (ecosystem respiration, Reco, and its 
components, namely autotrophic, Ra, and heterotrophic, Rp, respiration) and the resulting C fluxes 
(net primary production (NEP) and net primary productivity (NPP)); b ecosystem-level C fluxes 
and pools can be estimated through remote sensing and the eddy covariance technique, and, when 
combined with tree-level measurements and chamber techniques, a partition of C fluxes and pools 
can be derived; c tree rings, when combined with auxiliary biometric measurements, can reconstruct 
aboveground tree biomass increments, thereby assessing how d leaf-level C assimilation is translated 
into e stem biomass or f translocated to belowground tree C pools 
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10.3 Ant’s-Eye View 


To illustrate the dynamics of the boreal forest C balance, we selected three sites having 
well-documented estimates of C fluxes and pools that cover an extensive longitudinal 
gradient from eastern Siberia to Finland to central Canada (Table 10.1 and Fig. 10.2). 
We compiled estimates of Reco and its component fluxes (i.e., Ra and Rp), GEP, NEP, 
NPP, and the aboveground tree biomass increments (AGBi) at these sites (Fig. 10.1). 
These values were derived with the eddy covariance technique, biometric/inventory- 
based approaches, gas exchange chamber methods, or a combination thereof. The 
selected sites provide not only a circumboreal perspective across three continents 
but also include distinct boreal tree species compositions, namely larch-, pine-, and 
spruce-dominated landscapes, which occupy vast areas of the boreal region (Table 
10.1 and Fig. 10.2). 


10.3.1 Site Description 


At the eastern limit of the longitudinal gradient, the example site is a larch (Larix 
cajanderi Mayr) dominated forest stand in Siberia (fluxnet ID: RU-SKP; Yakutsk 
Spasskaya Pad larch; Table 10.1). This site is part of the Spasskaya Pad Scientific 
Forest Station of the Institute for Biological Problems of the Cryolithozone and is 
situated 20 km north of Yakutsk in the Republic of Sakha, Russia (62.26°N, 129.17°E; 
246 m asl). The overstory consists mainly of larch, with sporadic occurrences of 
willow (Salix spp.) and silver birch (Betula pendula Roth), whereas the forest floor 
is covered with dense cowberry (Vaccinium vitis-idaea L.). Stand density is 840 
stem-ha^! (Tei et al., 2019). The leaf area index (LAI), canopy height, and stand age 
are equal to 1.5 m?-m~”, 20 m, and 190 yr, respectively (Kotani et al., 2014). The site 
lies in the continuous permafrost zone and has sandy loam soils. Mean annual air 
temperature and total precipitation at the site are —9 °C and 237 mm, respectively (Tei 
et al., 2019). We used published values of the growing season (May-September) GEP 
from Tei et al. (2019), collected between 2004 and 2014 with the eddy covariance 
technique. A detailed description of the micrometeorological and eddy covariance 
instrumentation at the site and the eddy covariance processing methods used for 
deriving GEP are provided in Ohta et al. (2008, 2014), Kotani et al. (2014), and Tei 
et al. (2019). Ecosystem respiration at the site was estimated as 75% of GEP, and 
NEP amounts to 25% of GEP (Kotani et al., 2014). Furthermore, Ry was estimated 
as 52% of GEP (Sawamoto et al., 2003), and R, was then calculated as Reco — Rp. 
This allowed us to derive partitioned C fluxes at the site for the 2004—2014 period. 
We complemented these variables with tree-ring-derived AGBi estimates for the 
1990-2013 period (S. Klesse; unpublished results, https://www.ncei.noaa.gov/acc 
ess/paleo-search/study/34312). Specifically, AGBi time series were derived with a 
biometric approach (Babst et al., 2014a, b) by combining ring widths from tree 
cores sampled in 2014, species-specific allometry, and stand density information 
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Fig. 10.2 Climate envelope of the boreal forest ecozone and the location of the three example 
boreal forest sites in the two-dimensional climate space of mean annual air temperature and total 
precipitation; hexagons, color-coded with the density of 5’ resolution pixels, define the climate 
space of mean annual air temperature and total precipitation, as quantified using the WorldClim 
version 2.1 data set (long-term mean for 1970-2000; Fick & Hijmans, 2017). The circumpolar 
boreal forest extent (dark green in the upper panel) follows the definition of the World Wildlife 
Fund terrestrial ecoregions map and was downloaded from http://glad.geog.umd.edu/projects/gfm/ 
boreal/data.html. Note that a lower cutoff of 100 pixels was applied to enhance the figure's clarity 


(Sawamoto et al., 2003). Mass values were converted into C units using a 4796 C 
concentration proposed in the literature for larch stemwood (Alexander et al., 2012). 

In Europe, we selected a Scots pine (Pinus sylvestris L.)-dominated forest in 
southern Finland, located 200 km north of Helsinki (Hyytiälä; 61.85?N, 24.30°E; 
181 m asl; Table 10.1). This is a long-term experimental forest site operated by the 
University of Helsinki (Station for Measuring Forest Ecosystem-Atmosphere Rela- 
tions, SMEAR II; fluxnet ID: FI-HYY). Long-term (1996—2014) mean annual air 
temperature and total precipitation at the site are 4.4 °C and 604 mm, respectively. 
Stand density is 1,373 stems ha^! , and average canopy height, LAI, and stand age 
are 15 m, 2.5 m? m? and 47 years, respectively (Babst et al., 2014a; Ilvesniemi 
et al., 2009; Mencuccini & Bonosi, 2001). Overstory vegetation consists of Scots 
pine (29596) with the sporadic occurrence of Norway spruce (Picea abies (L.) H. 
Karst) and silver birch. The understory vegetation is considered negligible because 
of local forest management practices. The ground cover consists mainly of blue- 
berry (Vaccinium myrtillus L.), cowberry, small-reed (Calamagrostis epigejos (L.) 
Roth), heather (Calluna vulgaris (L.) Hull), and feather mosses (Pleurozium schre- 
beri (Brid.) Mitt., Dicranum polysetum Sw.). The soils are mineral on glacial till over 
ahomogeneous bedrock; sporadic peat soils are found in the depressions (Kolari et al., 
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2009; Pumpanen et al., 2015). Here, we used eddy covariance-derived estimates of 
NEP, GEP, and Reco for the 1996-2014 period, as provided by the FLUXNET2015 
data set (Pastorello et al., 2020). Combining these eddy covariance-derived estimates 
with the detailed site-level forest C balance presented in Ilvesniemi et al. (2009) and 
Pumpanen et al. (2015), we derived average values of NPP, R;, and Ry. More specif- 
ically, R4 was estimated as 45% of GEP; Ry was then calculated as Reco — Ra, and 
NPP was computed as GEP — R, (Pumpanen et al., 2015). Moreover, tree contribu- 
tion to the forest C balance was quantified using the AGBi time series presented in 
Babst et al., (2014a, 2014b). This allowed us to derive partitioned C fluxes at the 
site for the 1996—2014 period. Detailed descriptions of the micrometeorological and 
eddy covariance instrumentation at the site and data processing documentation can 
be found in Rannik et al. (2002) and Vesala et al. (2005). 

The Canadian site is located near the southern edge of the boreal forest in 
Saskatchewan, Canada (Southern Old Black Spruce, fluxnet ID: CA-OBS; 53.98?N, 
105.12°W; 629 m asl; Table 10.1). Long-term (1981—2010) mean annual air temper- 
ature and total precipitation in the area are 1.4 °C and 428 mm, respectively (Pappas 
et al., 2020). Stand age is ca. 140 years—initiated after a fire in ca. 1879 (Krishnan 
et al., 2008; Liu et al., 2019). The overstory consists mainly of mature black spruce 
(Picea mariana (Mill.) BSP) mixed with sporadic mature eastern larch (Larix laricina 
(Du Roi) K. Koch). The average LAI at the site is 3.8 mn?-m? (Chen et al., 2006). Wild 
rose (Rosa woodsii Lindl.) and Labrador tea (Rhododendron groenlandicum (Oeder) 
Kron & Judd) are the dominant woody shrubs, and the ground cover consists mainly of 
mixed feather mosses (Hylocomium splendens (Hedw.) Schimp., Pleurozium schre- 
beri, and Ptilium crista-castrensis (Hedw.) De Not.) with some peat moss (Sphagnum 
spp.) and lichen (Cladina spp.) (Gaumont-Guay et al., 2014). The soil is moderately 
to poorly drained with a 20 to 30 cm thick peat layer overlying waterlogged sand 
(Barr et al., 2012; Gower et al., 1997; Griffis et al., 2003). The recent study of Liu 
et al. (2019) provides a detailed overview of the partitioned C fluxes at the site during 
the last decades (1999-2017), including GEP, NEP, Reco, Ra, and Rp, by combining 
long-term eddy covariance measurements with automatic chamber measurements. 
Furthermore, Pappas et al. (2020) present reconstructed estimates of AGBi at the site 
using a biometric approach, i.e., tree cores collected with a biomass upscaling design 
and species-specific allometry, similar to the one followed in the AGBi estimates at 
the other two sites, detailed above. Here, we used published values of the partitioned 
C fluxes and pools from Pappas et al. (2020), focusing on 1999 to 2015. 


10.3.2 Ecosystem Carbon Balance and the Impact 
of Environmental Conditions 


The selected forest sites offer a perspective on the magnitude and variability of boreal 
forest C fluxes and pools and illustrate the numerous interactions between biotic, 
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e.g., species composition, and abiotic factors, e.g., local climate and stand demog- 
raphy, that can shape site-level C dynamics (Fig. 10.3). The long-term measurements 
revealed that the study sites were C sinks during the last decade, i.e., NEP > 0, yet 
the sink strength at each site varied from 40 + 23 g C-m ?.yr ! at CA-OBS to 246 + 
148 g C-m~-yr! at FI-HYY (hereafter, the presented values correspond to mean + 
one standard deviation; Table 10.1). 

The long-term mean annual GEP across the three locations followed a climato- 
logical gradient (Figs. 10.2 and 10.3); the highest value of GEP corresponded to the 
site having the most favorable climatological conditions, i.e., highest mean annual air 
temperature and precipitation at FI-HY Y; GEP = 1,169 + 152 g C-m ?-yr^! , whereas 
the lowest values of GEP coincided with the Siberian site where mean annual air 
temperature and precipitation were lowest (RU-SKP; GEP = 635 + 73 g C-m?.yr !; 
Figs. 10.2 and 10.3). Similarly, AGBi across FI-HY Y, CA-OBS, and RU-SKP ranged 


(a) RU-SKP 


(b) 


(e) (f) (8) 


R, R, Res GEP NPP NEP AGBI R. R Rem GEP NPP NEP AGBi R. R Ren GEP NPP NEP AGBI 


Fig. 10.3 An overview of the carbon balance components at the three reference boreal forest sites. 
a Circumboreal forest extent with the three sites indicated in red; b, c, and d the forest canopy as 
seen from the top of the eddy covariance tower at the sites; e, f, and g carbon balance components as 
compiled from the literature, namely autotrophic (R) and heterotrophic respiration (Rp), ecosystem 
respiration (Reco), gross ecosystem production (GEP), net primary production (NPP), net ecosystem 
production (NEP), and aboveground biomass increment (AGBi) 
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from 97 + 12 g C-m?.yr^! to 71 + 7 g C-m~-yr! to 26 + 9 g C-m?-yr^!, respec- 
tively, following the decrease in mean annual precipitation and temperature across the 
sites (Fig. 10.2). However, apart from the prevailing climatological conditions, both 
ecosystem-level production (GEP) and tree-level stem growth (AGBi) can be affected 
by numerous other factors explaining the reported differences across the examined 
forest stands. Such factors include site-specific biophysical constraints, e.g., stand 
density and LAI, as well as differences in demography and species composition, tree 
ontogeny (e.g., stand age ranging from 190 yr at RU-SKP to 47 yr at FI-HY Y), and 
phenology (e.g., deciduous larch at RU-SKP versus evergreen spruce and pine at 
CA-OBS and FI-HYY, respectively), and soil biochemistry (Table 10.1). The impact 
of these biotic and abiotic factors manifests in the cross-site variability of the long- 
term component C fluxes. Importantly, while Reco, Ra, and Rp decreased across the 
three sites with a pattern comparable to that of GEP, NEP and NPP did not follow 
this pattern. At RU-SKP, NEP and NPP were higher than at CA-OBS (Table 10.1) 
because of the balance between GEP, Reco, and Ra. It is worth noting that the compo- 
nents of C fluxes were derived as a constant fraction of GEP at RU-SKP because of 
data scarcity. Thus, the estimates of NEP, NPP, Reco, Ra, and Rp are more uncertain 
than estimates at both FI-HY Y—where NEP and GEP values were available and 
only NPP, R,, and Rp were derived as constant fractions—and CA-OBS, where all 
component C fluxes and pools were obtained directly from measurements. 


10.3.3 Limited Contribution of Aboveground Tree Growth 
to the Ecosystem Carbon Sink 


The C allocated to aboveground tree growth accounted for less than 10% of the total 
ecosystem C input at the study sites (Table 10.1), with the lowest fraction of GEP 
allocated to aboveground stem growth reported at the RU-SKP site (AGBi/GEP = 
4.1%) and the highest fraction at CA-OBS (AGBi/GEP = 8.8%). In central and 
northeastern Siberia, Kajimoto et al. (2010) provided insights from larch-dominated 
stands and reported values of total biomass increments (1.e., stem, branches, and 
needles) and aboveground NPP for young stands («30 yr) equal to 54 g C-m?-yr! 
and 95 g C-m ?-yr^! and for old stands (2100 yr) equal to 15 g C-m?-yr! and 34 g 
C-m ?-yr^!, respectively. The estimates of AGBi reported here for the old intact forest 
stand at RU-SKP (190 yr; Table 10.1) agree well with these findings and highlight 
the low aboveground growth rates of Siberian larch forest stands compared with 
the southern boreal sites in Europe and North America. At a pine-dominated site 
in Siberia, Lloyd et al. (2002) reported AGBi/GEP ~ 16%, which is comparatively 
larger than our estimate at RU-SKP but within the expected range of AGBi/GEP vari- 
ability in the boreal region (Pappas et al., 2020). Permafrost conditions and waterlog- 
ging in eastern Siberia have been identified as key factors affecting ecosystem-level 
C fluxes and forest structure and health (Kotani et al., 2014; Ohta et al., 2014). The 
estimates of AGBi and the resulting fractions of AGBi/GEP are also well constrained 
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at CA-OBS and agree well with previously published studies and auxiliary obser- 
vations, e.g., forest inventories and remote-sensing products, from the same site, 
e.g., AGBiz« 110g C-m2.yr! , therefore 11% of GEP (Malhi et al., 1999), and other 
boreal forest sites in North America (see Pappas et al. (2020) and references therein). 
Some discrepancy exists, however, in the AGBi estimates at FI-HY Y. Ilvesniemi et al. 
(2009) reported a larger contribution of C accumulation into the aboveground tree 
biomass at FI-HYY, i.e., AGBi ~ 240 g C-m ?-yr' for the period 1995 to 2008, 
when compared with the estimates from Babst et al., (2014a, 2014b) used here. This 
discrepancy could be associated with methodological differences between the two 
studies, especially in regard to stand density and species-specific biomass allometry. 
Furthermore, Lagergren et al. (2019) combined eddy covariance observations with 
annual biomass increments in a mixed pine-spruce forest in the southern part of the 
boreal region of Sweden and found that out of the 957 g C-m~-yr! of mean annual 
GEP, stem growth accounted for ~14%, i.e., AGBi ~ 137 g C-m~-yr!. The low 
fraction of GEP allocated to aboveground tree growth in the boreal region underlines 
the relatively high rates of R,, the important belowground tree C investments, and 
also the role of understory vegetation for the boreal forest C balance (Bradshaw & 
Warkentin, 2015; Clemmensen et al., 2013; Hart & Chen, 2006). Additionally, boreal 
forest soils are often nutrient poor, potentially explaining the priority for trees to invest 
in belowground components, including fine roots, root exudates, and mycorrhizae 
(Chapin, 1980; Clemmensen et al., 2013; Vicca et al., 2012). 


10.4 Bird's-Eye View 


We complemented the in situ measurements of the component C fluxes and pools with 
long-term estimates of GEP and NPP from two recently developed global data sets. 
We used mean (2000-2019) annual (a) GEP derived by upscaling eddy covariance 
data from the FLUXNET2015 data set (Pastorello et al., 2020) with random-forest 
machine-learning algorithms (Zeng et al., 2020) and (b) NPP from MODIS remote- 
sensing algorithms (https://Ipdaac.usgs.gov/products/mod17a3hgfv006/; Running & 
Zhao, 2019). Both products were resampled to a 0.1? spatial resolution and extracted 
over the circumboreal region (http://glad.geog.umd.edu/projects/gfm/boreal/data. 
html). Although such global products lack the direct constraint and accuracy of 
in situ observations, as presented in the previous section, they can illustrate rele- 
vant spatial patterns and provide a “bird’s eye" circumboreal perspective on forest C 
dynamics. 

Across the circumboreal region, GEP and NPP are 692 + 299 g C-m ?- yr! and 
319 + 163 g C-m~-yr1, respectively. The circumboreal distribution of GEP and 
NPP frames an envelope for the in situ partitioned C fluxes presented here and in 
the recent meta-analysis of Pappas et al. (2020). More specifically, across the 21 
boreal forest sites synthesized in Pappas et al. (2020), GEP and NPP were 898 + 
251 g C-m?.yr! and 373 + 153 g C-m~-yr'|, respectively, with the estimates at 
the three sites examined here falling within this range (Fig. 10.4). Yet, it is worth 
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mentioning that the site-specific GEP and NPP observations correspond mainly to 
southern boreal forest sites; this explains their higher values compared with those 
estimated across the entire circumboreal region (Fig. 10.4). 

The inferred remotely sensed CUE across the circumboreal region varied around 
0.47 + 0.15 (Fig. 10.4), with the site-level estimates compiled in Pappas et al. (2020) 
pointing toward a lower mean value (i.e., 0.40 + 0.12). At the three sites examined 
here, CUE was equal to 0.77, 0.55, and 0.50 for RU-SKP, FI-HYY, and CA-OBS, 
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Fig. 10.4 Circumboreal distribution of mean annual (2000-2019) a gross ecosystem production 
(GEP), estimated using machine-learning and eddy covariance data (Zeng et al., 2020) and b 
net primary production (NPP) obtained from remote sensing (MODIS/TerraMOD17A3HGFv006; 
https://Ipdaac.usgs.gov/products/mod17a3hgfv006/; Running & Zhao, 2019). The spatial resolution 
of the presented maps is 0.1°. Box plots of c GEP, d NPP, and e carbon use efficiency (CUE), CUE 
= NPP/GEB, across the circumboreal region using data presented in subplots a and b. Points within 
the box plots denote the estimates at the three example locations (orange) and a synthesis of boreal 
forest sites (gray) from the meta-analysis of Pappas et al. (2020) 
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respectively (Fig. 10.4). The high value of CUE at RU-SKP and the circumboreal 
estimates of CUE from the global products of NPP and GPP falling outside the 
interquartile range are most likely explained by observational uncertainties. More 
specifically, partitioned respiration fluxes (Ry and R,) at RU-SKP were not esti- 
mated with independent methods but rather using fixed fractions of GEP, e.g., for 
Ry. Although such fixed fractions are supported by the available site-specific litera- 
ture and are also expected because of biophysical constraints—R; and R, should be 
large and constrained fractions of productivity (Baldocchi & Pefiuelas, 2019)—the 
resulting CUE at RU-SKP seems unrealistically high. Moreover, in situ GEP esti- 
mates in the circumboreal region are generally scarce, thereby resulting in poorly 
constrained predictions using machine-learning techniques across these regions, 
potentially explaining the reported discrepancy. 

Theoretical, observational, and modeling insights point toward a well-constrained 
variability of CUE worldwide, with a mean value around 0.46 (Collalti & Prentice, 
2019; De Lucia et al., 2007; Dewar et al., 1998; Fatichi et al., 2019; Landsberg 
et al., 2020; Litton et al., 2007; Van Oijen et al., 2010; Waring et al., 1998). Boreal 
forests are expected to manifest lower CUE values relative to those of other biomes 
because of lower overall productivity and higher rates of C loss during the dormant 
season (De Lucia et al., 2007). As recently summarized by Landsberg et al. (2020), 
CUE estimates outside the 0.4 to 0.6 range are unlikely and can be associated with an 
inaccurate assessment of NPP, especially in regard to belowground components such 
as fineroots, root exudates, and mycorrhizae (Chapin, 1980; Clemmensen et al., 2013; 
Vicca et al., 2012). However, the variability of ecosystem-level CUE in the 0.4 to 0.6 
range can be explained by site-level differences in soil nutrition, stand demography, 
and stand ontogeny. More specifically, with increasing stand age and canopy closure, 
CUE is expected to decrease because of a saturation in GEP and higher rates of Ra 
(Brassard & Chen, 2006; De Lucia et al., 2007; Odum, 1969). Thus, site-level stand 
demography, disturbance history, and differences in soil fertility could explain some 
of the spatial patterns illustrated in Fig. 10.4. 


10.5 Synthesis and Outlook 


The circumboreal region provides habitat for flora and fauna and crucial ecolog- 
ical, social, economic, and spiritual services (e.g., Gauthier et al., 2015; Trumbore 
et al., 2015). In addition to these benefits, boreal forests provide a substantial C sink 
and regulate numerous land-atmosphere interactions and feedbacks to the climate 
system, e.g., sensible/latent heat, albedo feedback, and runoff/evapotranspiration 
partitioning; Bonan, 2008; Reichstein et al., 2013. Thus, a predictive understanding of 
boreal forests' growth trajectories could provide quantitative insights for comprehen- 
sive climate policy recommendations (Bonan, 2016; Kurz et al., 2013). The scientific 
community has put forward interdisciplinary methodological toolboxes for under- 
standing the components of the boreal forest C balance, including in situ detailed 
monitoring, remote-sensing observations, and numerical modeling. Some of these 
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multivariate sources of information were summarized here to illustrate the magni- 
tude and variability of the C balance components in the circumboreal region. The 
estimates provide only a "static" perspective based on the long-term average boreal 
forest C balance from the last decades. Attributing how individual aspects of climate 
change have affected the temporal dynamics of the C balance in the circumboreal 
region remains uncertain across different levels of spatial organization, spanning 
from the tissue and tree levels to integrated responses at the forest-stand, landscape, 
and regional levels. 

Climate change manifests itself in the circumboreal region primarily through 
warmer air temperatures (ACIA, 2005; IPCC 2013; Serreze & Francis, 2006). Such 
changes directly affect boreal forest structure and function (Gauthier et al., 2015; 
Soja et al., 2007). Multivariate observations point toward a significant increase 
in heterotrophic respiration because of increased air temperatures during the last 
decades (Bond-Lamberty et al., 2018). In addition, warmer temperatures have been 
associated with a lengthening of the growing season, including shifts in spring and 
autumn phenology, which results in the greening of the circumboreal region and 
an increase in GEP, and, potentially, NPP (Forkel et al., 2016; Kauppi et al., 2014; 
Piao et al., 2020; Tagesson et al., 2020; Zhu et al., 2016). However, such patterns 
have not always been confirmed at local scales, when, for example, tree-ring records 
are analyzed (Duchesne et al., 2019; Giguére-Croteau et al., 2019; Girardin et al., 
2016; Marchand et al., 2018). Furthermore, warmer temperatures in the circumpolar 
region lead to a northward advance of the boreal forest-tundra transition zone and 
shrub expansion in tundra ecosystems (Elmendorf et al., 2012; Gareth Rees et al., 
2020; Myers-Smith et al., 2011). The beneficial effect of air temperature increases 
on boreal tree function might be transitory, however, because of additional factors 
limiting growth and productivity in the long term (Babst et al., 2019; D'Orangeville 
et al., 2018). 

Increasing atmospheric CO» concentrations and nitrogen deposition have been 
associated with a possible stimulation of tree growth, i.e., the fertilization effect 
and the greening of the Northern Hemisphere. This CO; fertilization effect implies 
that other factors affecting forest productivity were partially or not at all limiting. 
This viewpoint has been challenged recently (Pefiuelas et al., 2017; Wang et al., 
2020) because additional factors are likely limiting tree growth beyond C availability, 
including nutrient and water limitations (Peters et al., 2021; Yuan et al., 2019). The 
projected changes in major climatic variables are expected to shift tree growth climate 
sensitivity in boreal forests, e.g., reducing the importance of temperature/energy 
limitations and increasing the importance of water limitations (Babst et al., 2019; 
D'Orangeville et al., 2018), potentially altering C turnover rates and sink strength. 
The land C sink results from the interplay between C assimilation and respiration; 
thus, the net result of changes in climatic variables in the boreal forest C balance and 
sink strength remains uncertain (Naidu & Bagchi, 2021; Schurgers et al., 2018; Zhu 
et al., 2019). 

Forest productivity (and tree growth) is a key aspect that contributes to the forest 
C balance and the C sink strength, but it is not the only one. An increase in produc- 
tivity does not necessarily translate into an increase in forest C sink strength. The 
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latter depends largely on the C residence times, i.e., at the tree level, to which 
tissues/compartments the assimilated C will be allocated (e.g., long-lived tissues like 
stemwood or short-lived tissues such as leaves and fine roots) or at the forest-stand or 
larger spatial scales, to the frequency and intensity of natural disturbances (e.g., fires, 
insects, tree mortality) and forest management strategies. The interplay of residence 
times, e.g., turnover rates, and productivity, e.g., tree growth, ultimately controls 
the long-term C source-sink strength (Harmon, 2001; Korner, 2017; Pefiuelas et al., 
2017). The two processes often present a positive covariation at the tree level, i.e., 
fast-growing strategies are also associated with faster turnover rates (lower longevity; 
Brienen et al., 2020; Reich, 2014). Yet, at the ecosystem level, stand demography and 
community interactions shape the net effect, making extrapolations of the forest C 
sink strength challenging when done solely on the basis of tree physiology (Anderegg 
et al., 2020; Harmon, 2001; McDowell et al., 2020). Although the boreal forest land- 
scapes have always been dynamic, reports now cite changes in the frequency and 
intensity of disturbances such as wildfires, insect outbreaks, and droughts (Bond- 
Lamberty et al., 2007; Brandt et al., 2013; Goetz et al., 2012; Peng et al., 2011) 
or chronic changes in forest structure and function because of permafrost thaw 
(e.g., Helbig et al., 2016). When combined with management practices (harvesting; 
Ameray et al., 2021; Ceccherini et al., 2020), such changes can substantially affect 
the C balance of the circumboreal region and C sink strength (Seidl et al., 2020). 

Although aboveground tree growth only represents a minor fraction of the forest C 
balance in the boreal region, because of low productivity and a short growing season, 
aboveground physiological processes trigger numerous feedbacks of belowground 
components, e.g., energy partitioning/albedo feedback and thus regulation of soil 
temperature. Furthermore, tree growth represents a major C-storing compartment 
for climate-meaningful time scales and contributes to the main inflow of C from the 
atmosphere to belowground C pools and to ecosystem-level C dynamics. A holistic 
monitoring and modeling approach is required to better constrain future trajecto- 
ries of C in boreal ecosystems and delineate climate-sustainable forest management 
strategies. This can be better achieved with partitioned estimates of the C balance 
components as summarized in this study. 
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Abstract The medium- and long-term projections of global climate models show 
the effects of global warming will be most pronounced in cold climate areas, espe- 
cially in the high latitudes of the Northern Hemisphere. The consequences could 
involve a higher probability of global natural disasters and a higher uncertainty as to 
plant response to climate risk. In this chapter, we describe life under a cold climate, 
particularly in relation to forest ecosystems, species distribution, and local conditions 
in the Northern Hemisphere. We analyze recent climate trends and how the ongoing 
and future climate changes can affect the sensitivity of conifer species, the most 
common tree form in the boreal regions. We combine experimental data and theo- 
retical process-based simulations involving tree-ring width, tree-ring density, and 
wood anatomy. This combined approach permits assessing a longer tree-ring record 
that overlaps with direct instrumental climate observations. The latter are currently 
experiencing the divergence problem in which tree-ring growth has diverged from 
the trends of the main climatic drivers. Given that most process-based models are 
multidimensional, the parameterization described in this chapter is key for obtaining 
reliable tree growth simulations connected with a site-specific climate, tree species, 
and the individual trajectory of tree development. Our approach combining experi- 
mental and theoretical approaches in xylogenesis is of interest to forest ecologists, 
physiologists, and wood anatomists. 
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11.1 Cold Climates and Terrestrial Ecosystems: Definitions 
and Examples 


The Earth's climate can be classified on the basis of various criteria, and many clas- 
sification systems have been proposed, including the aridity index, the Holdridge life 
zone classification, and the respective climate classifications of Alisov, Berg, Kóppen, 
and Lauer (Critchfield, 1966). Because climate is a major controlling factor of biolog- 
ical ecosystems, climate classification is closely correlated with biome distributions. 
Of the climate classifications, the Kóppen system is one of the most widely applied 
(Beck et al., 2018). This approach, based on the thresholds and seasonality of monthly 
surface air temperatures and precipitation, divides the Earth's climates into 5 main 
classes and 30 subgroups (i.e., subclusters). The extensive use of Kóppen's system 
relates to climate being long recognized as a major driver of global vegetation distri- 
butions (Beck et al., 2018; Vaganov et al., 2006; Woodward & Williams, 1987; Yang 
et al., 2017). Therefore, from the Kóppen system, we can identify four main groups 
of boreal/subboreal climates in the Northern Hemisphere: subarctic (boreal), wet 
continental, hemiboreal, and cold semiarid climate (Fig. 11.1). 

Inthe Northern Hemisphere, boreal forests represent 6596 of the land area covered 
by vegetation, and a significant portion of that distribution is dominated by conifer 
species (about 70% of the forests). Cold climate conditions characterize these ecosys- 
tems, and the associated main conifer species are very sensitive to climatic conditions. 
Therefore, coniferous trees are of particular interest to the scientific community as 
the study of their climate sensitivity offers insight into plant physiology and ecology, 
particularly concerning tree-ring growth response to climatic forcing (Briffa et al., 
1998; D' Arrigo et al., 2006, 2008; Esper & Frank, 2009; Kirdyanov et al., 2020; 
Rossi et al., 2013, 2016; Tumajer et al., 2021a; Vaganov et al., 1999, 2011). 


11.2 Recent Trends in Climate and Their Influence 
on the Seasonal Growth of Trees 


The interest in climate change is driven by the extraordinary contemporary changes 
in the Earth's climate system. These changes are manifested by the globally 
increasing surface air temperature, albeit with regional differences (IPCC, 2007, 
2014). Increasing concentrations of atmospheric greenhouse gases, in particular CO; 


B. Yang 

Key Laboratory of Desert and Desertification, Northwest Institute of Eco-Environment and 
Resources, Chinese Academy of Sciences (CAS), 320 Donggang West Road, Lanzhou, 
Gansu 730000, China 

e-mail: yangbao @1zb.ac.cn 


M. He 
Shenguo Road, Shanxi Province 712100, Yangling, China 
e-mail: hmh05031b@ 163.com 


11 Experimental and Theoretical Analysis of Tree-Ring Growth 297 


World Map of Képpen-Geiger Climate Classification (Continental (D) and Polar (E)) 
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Fig. 11.1 Main classes of cold climates and the representative Kóppen climate classification 
subtypes: subarctic or boreal (Dfc, Dwc, Dsc, Dfd, Dwd, and Dsd), wet continental (Dsa, Dsb, 
Dwa, Dwb, Dfa, Dfb), hemiboreal (Dfb, Dsb), and cold semiarid climate (ET). Modified from Beck 
et al. (2018), CC BY license 


are driving this warming. Two periods in global CO; concentrations are evident in 
the twentieth-century record: increasing concentrations at a relatively low rate (pre- 
1960s) and a heightened annual increase in CO, concentrations since (IPCC, 2007, 
2014; Jones et al., 2001; Thorne et al., 2003). This increase is also reflected by rising 
mean temperatures, which are most striking in the Northern Hemisphere (IPCC, 
2007, 2014; Jones, 2002; Jones et al., 2001; Jones & Briffa, 1992). This recent 
temperature uptick, relative to the earlier, more stable temperature pattern (known as 
the hockey stick temperature record), can be attributed to the anthropogenic-related 
greenhouse gas and land-use changes (IPCC, 2007; Jones et al., 2001). 

Medium- and long-term global climate projections show that warming will be 
most pronounced at higher latitudes, especially in the Northern Hemisphere (IPCC, 
2007). In scenario B1 (one of the lower projections of increased greenhouse gases), 
global temperatures are projected to increase by 0.8 °C in 2020-2029, whereas 
this increase will be 2 °C in 2090-2099 IPCC, 2007. In colder climate regions, 
the projected increase for 2020-2029 and 2090-2099 is 1—2.5 °C and 3-4.5 °C, 
respectively. The most conservative scenario A2 projects a 4—6.5 ?C increase at high 
latitudes by 2090-2090. 

These projections of warming lead to numerous questions. How will the current 
and projected climate change affect forest ecosystems, particularly those in cold 
climates? What are the mechanisms of such impacts? Have similar changes occurred 
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in the past, and how did they affect tree-ring growth? How might such changes affect 
the development of forest ecosystems in the future? 

The answers to these questions are complex and ambiguous and require under- 
taking the following dendroecological and dendrophysiological tasks: 


e identify meaningful statistical relationships between climate factors and interan- 
nual and intra-annual tree-ring growth (Briffa et al., 2002; Fritts, 1976; Rossi 
et al., 2008a, 2008b, 2013); 

e identify the functional mechanisms of climate and woody plant growth interac- 
tions and then develop adequate process-based tree growth models (Guiot et al., 
2014; Vaganov et al., 1999, 2006); 

* forecast these changes taking into account anthropogenic influences and analyze 
the effect of these changes on forest ecosystems (Briffa et al., 2008; Charney et al., 
2016; He et al., 20182). 


The main source of information required to accomplish these tasks is derived 
from tree rings, which record information related to various environmental factors, 
including climate (Anchukaitis et al., 2012; Briffa et al., 2002; Vaganov et al., 1999, 
2006). Most tree species in cold regions are extremely sensitive to climate (Kirdyanov 
et al., 2003; Rossi et al., 2016; Shishov et al., 2016), and climatic factors account for 
40-70% of the variability observed in the anatomical traits of tree rings (Vaganov 
et al., 2006). The successful resolution of these tasks requires using different (prefer- 
ably independent) tree-ring characteristics, each recording specific (and different) 
information about tree growth patterns and the environmental factors affecting these 
patterns (Arzac et al., 2019; Gennaretti et al., 20172; Puchi et al., 2019). This research 
commonly analyzes tree growth based on tree-ring width (Briffa et al., 2002; Cook & 
Kairiukstis, 1990; Fritts, 1976). Complementary tree-ring traits are also highly useful 
when analyzing the seasonal growth patterns of boreal trees. Vaganov et al., (1999, 
2006, 2011) found a strong positive correlation between the temperature at different 
periods of the growing season—in particular at the start of the growing season—and 
cell size, cell wall thickness, and maximum density in the rings of larch collected from 
northern Eurasia. The relationship between coniferous tree-ring structural parame- 
ters and climate has also been analyzed for various regions of the globe. The use of 
complementary independent tree-ring traits—derived from those already being used 
via mathematical and statistical transformations—leads to novel information about 
the tree environment (Briffa et al., 2008). 

Dendroclimatic analyses, using temperature-sensitive tree-ring chronologies 
obtained from a network of dendroclimatic monitoring stations distributed across 
the high latitudes of northern Eurasia and North America, indicate a heteroge- 
neous response of woody plant growth to temperature increases (Briffa et al., 1998; 
D’ Arrigo et al., 2008). Spatiotemporal analyses of long tree-ring chronologies from 
the mid to high latitudes of the Northern Hemisphere have revealed a distortion in 
the relationship between positive temperature trends and observed tree-ring growth 
after the 1960s in some regions where temperature is the principal growth-limiting 
factor (Briffa et al., 1998; Büntgen et al., 2021; D' Arrigo et al., 2006, 2008; Driscoll 
et al., 2005; Esper & Frank, 2009; Kirdyanov et al., 2020). This distortion, known 


11 Experimental and Theoretical Analysis of Tree-Ring Growth 299 


as the divergence problem, reflects a change in tree growth with warmer summer 
temperatures. 

Understanding and resolving this problem is critical for developing adequate 
statistical models for reconstructing climatic variables from dendrochronological 
data (Briffa et al., 1998). 

A possible cause of this divergence may be the temperature-dependent drought 
stress of woody plants, which is particularly pronounced for fast-growing trees 
(Barber et al., 2000). This conclusion derives from a comparative analysis of 
dendrochronological data with a climate index representing a linear combination 
of temperature and precipitation (Barber et al., 2000). Another hypothesis for the 
divergence problem is a decrease in tree-ring growth when the temperature reaches a 
physiological threshold, thereby limiting growth (Hoch & Kórner, 2003; Wilmking 
et al., 2004). Moreover, the current warming in the Northern Hemisphere is unprece- 
dented over the last 2000 years (IPCC, 2007, 2014). Combining data from measure- 
ments of tree-ring width and maximum tree-ring density with simulations using 
the process-based tree-ring growth Vaganov-Shashkin model (VS-model) (Vaganov 
et al., 2006) has demonstrated a relationship between the decline in the sensitivity of 
trees and a positive trend in winter precipitation in subarctic Siberia between 1960 
and 1995 (Vaganov et al., 1999). This observation led to the hypothesis of a shift in 
the start of the tree growth season to later dates because of a delayed melting of snow 
cover and, consequently, a decreased sensitivity of the trees to temperature change 
(Vaganov et al., 1999). A shift in temperature as a factor limiting tree-ring growth 
has also been observed in Alaska (Lloyd & Fastie, 2002). Finally, a most recent 
hypothesis proposes that the significant discrepancy between the annual growth of 
temperature-sensitive woody plants and summer temperature can be explained by 
the nonlinear dynamics of a low-frequency component of incoming solar radiation, 
which is closely correlated with the concentration of aerosol elements in the atmo- 
sphere at high latitudes in the Northern Hemisphere (Fig. 11.2; Büntgen et al., 2021; 
Kirdyanov et al., 2020). 

Most of the abovementioned methods for estimating trends of a nonclimatic 
nature share a distortion (over- or underestimation) of the true index values of the 
dendrochronological series under selected conditions (Melvin, 2004). This distor- 
tion is pronounced at the ends of time series (Melvin, 2004) and is characteristic of 
a power law, polynomial approximations of degree P (P « 5) (Cook & Kairiukstis, 
1990), as well as the commonly used low-frequency cubic spline (Melvin, 2004). 
Such inconsistencies can significantly alter both the statistical response function of 
woody plants to principal climatic factors (Melvin, 2004) and likely the tree-ring 
simulations based on various process-based tree-ring models (Guiot et al., 2014). 
Another reason for the divergence may relate to a sampling bias (Brienen et al., 
2012; Duchesne et al., 2019). 

However, the causes may be much more complex, combining the interaction 
of limiting and accelerating growth factors. The large number of noncontradictory 
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Fig. 11.2 Measured (green) and simulated boreal tree-ring width (TRW) indices a without (red line 
with smoothing) and b with (black line with smoothing) dimming that includes the low-frequency 
component of incoming solar radiation in the process-based forward model (VS-lite). Reproduced 
with permission from John Wiley and Sons from Kirdyanov et al. (2020) 


hypotheses! relating to the same problem indicates that all information contained in 
the characteristics of the tree ring cannot be extracted correctly on the basis of mathe- 
matical and statistical approaches used in dendrochronology, dendrophysiology, and 
wood anatomy. Therefore, there is a need to develop new theoretical tools (models), 
tested with direct high-quality measurements and experimental analyses, that can 
adequately assess the influence of external factors on the growth of woody plants. 


11.3 Experimental Analysis of Tree-Ring Growth in Cold 
Climates 


Tree growth and survival are severely affected by climate, having significant conse- 
quences on their contribution to forest dynamics and carbon fluxes (Frank et al., 
2015). Tree-ring structure depends on a complex cell formation process following 
successive phases of development (Rathgeber et al., 2016), controlled by external 
and internal factors occurring during the growing season (Dengler, 2001). Thus, 
in conifers, different cell development phases lead to intraseasonal changes in the 
anatomical characteristics of tracheids during the growing season, from wide and 
thin-walled earlywood cells to narrow and thick-walled latewood cells (Fig. 11.3). 


! There is a well-known theorem in mathematical logic that holds that it is not possible to prove the 
contradictory nature of a hypothesis within the framework of the theory in which it is put forward. 
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Fig. 11.3 Diagram of a Pinus sylvestris xylem cross section indicating parameters including the 
cell diameter in the earlywood (Dew), the transition zone (Drw), latewood (Drw), maximum cell 
wall thickness (CWT m), and tracheidograms of the cell diameter (solid black line) and cell wall 
thickness (dashed black line). The limits of the 2010 tree ring are identified (between the vertical 
dashed blue lines) as are the early wood, transition wood, and latewood zones (vertical dashed black 
lines). Reproduced from Arzac et al. (2018a) with permission from Elsevier 


Moreover, each type of cell has different functions. Thus, earlywood cells ensure 
efficient sap transport, whereas latewood cells favor mechanical stability (Bjórklund 
et al., 2017). The ratio between earlywood and latewood is critical for maintaining 
the balance between the structure and function of the xylem and plays a crucial role 
in tree water-carbon interactions (Domec & Gartner, 2002). 

The intraseasonal change in xylem morphology might be driven by the need for 
structural reinforcement by latewood (Sperry et al., 2006), photoperiod (Gyllenstrand 
et al., 2007), or changes in water availability (Olano et al., 2012) throughout the 
growing season. In addition, the low availability of carbohydrates in the cambium 
at the beginning of the growing season allows a longer period for cell enlargement 
and limited wall deposition, whereas at the end of the growing season, a higher 
availability results in cells having a smaller lumen and wider walls (Carteni et al., 
2018). In temperature-sensitive regions, temperature can control cell production and 
radial cell expansion (Vaganov et al., 1999). Moreover, secondary wall thickening 
and the formation of latewood cells are also driven by temperature, as reflected by 
the strong correlation between maximum latewood density and summer temperature 
(Vaganov et al., 1999). 

Because different cells are formed during distinct periods over the growing season, 
they encode the environmental information during their formation on a weekly to 
a seasonal basis (Bryukhanova et al., 2013; Kirdyanov et al., 2003; Vaganov et al., 
1999). Thus, tree-ring structure depends highly on the timing and magnitude of 
the climatic events and conditions occurring during the cell developmental phases 
(Castagneri et al., 2017; Rathgeber, 2017), thereby being relevant when extracting 
the environmental information encoded in the tree rings. A full tree ring encodes 
information at an annual resolution (showing interannual variability from ring to 
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ring). Earlywood and latewood parts of a tree ring encode the seasonal or intra- 
annual variability, and xylem cell traits encode environmental information at a weekly 
resolution. Moreover, xylem cell traits, such as cell size, wall thickness, and the wall- 
to-lumen ratio, can present different detailed seasonal information depending on their 
position within the ring and be used to identify the principal factors controlling tree 
growth or to reconstruct past climatic conditions (Fonti & Jansen, 2012; Vaganov, 
1990). Understanding the specific climatic factors affecting tree-ring formation is 
essential to assess the impact of changing climatic seasonality on tree-ring structure 
and functioning. 

Ongoing climate change will likely have diverse impacts on the various tree-ring 
sectors and functions depending on the seasonality of the changes. For example, 
when trees experience drought conditions, they reduce transpiration to protect their 
tissues from extensive water loss and avoid hydraulic failure (Irvine et al., 1998). 
However, these physiological responses affect the capacity of the tree to photoassim- 
ilate atmospheric carbon and maintain the turgor pressure of the growing cell, which 
modifies the amount, size, structure (Fonti et al., 2010; Steppe et al., 2015), and func- 
tioning of a forming tree ring; this response represents an important legacy for future 
tree performance, e.g., biomass production and resilience capacity (Anderegg et al., 
2015). Moreover, changes in climate conditions may also influence the phenological 
patterns of tree growth via a lengthening or shortening of the growing season, with 
important consequences for forest productivity (Arzac et al., 20212). 

In cold regions, the tree growing season spans late spring to late summer, whereas 
trees remain dormant in autumn and winter. The onset of tree growth requires a 
minimum temperature threshold, which generally occurs somewhere between April 
and June, depending on the forest's location and sufficient soil moisture to maintain 
the process over the growing season (Kramer, 1964). Therefore, the temperature 
before xylogenesis (early spring) would be expected to promote an earlier onset of 
growth and larger growth rings. Low temperatures are also linked to the production 
of smaller cells (Zhirnova et al., 2020) and a limited carbon assimilation, resulting 
in important ecological consequences globally. Warming trends affect the stability 
and diversity of global forest ecosystems at various spatiotemporal scales. However, 
temperature is not the only factor controlling tree growth in cold environments. 
Although late spring and early summer temperatures are considered as the main 
drivers of boreal forest growth, soil moisture availability is likely to become a critical 
factor even in the coldest environments (Arzac et al., 2018b, 2019; Tabakova et al., 
2020). 

Reduced summer precipitation and increased temperatures will favor increased 
transpiration (Babushkina et al., 2015); this scenario will reduce turgor pressure, 
which eventually induces the formation of smaller and thicker latewood-like cells. 
Climatic factors constraining tree growth in temperate and boreal environments 
shift along a gradient, passing from water shortages, limiting growth at lower alti- 
tudes/latitudes, to colder temperatures limiting growth at higher latitudes (Babst 
et al., 2013; Hellmann et al., 2016). Therefore, temperature is a main limiting factor 
controlling tree growth in cold environments (Vaganov et al., 2006). Studies carried 
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out on contrasting environmental conditions, e.g., high-elevation sites in the Mediter- 
ranean region and permafrost sites in northern Siberia, have shown the relevant effect 
of water availability later in the growing season (Arzac et al., 2016, 2019). 

Various techniques can be applied (von Arx et al., 2016) to evaluate the effect 
of climate on tree growth and tree-ring structure. These approaches can investigate 
at the cellular to tree-ring level and include the in situ monitoring of intra-annual 
dynamics of wood formation using dendrometers. Measuring ring width and early- 
wood and latewood width require the xylem structure in the wood sample to be 
clearly visible. The widths of the tree ring, earlywood, and latewood are then usually 
measured by direct observation of the wood samples by using specialized tree-ring 
measurement systems, e.g., LinTab and Velmex, or by measuring digitized wood 
samples, e.g., CooRecorder/CDendro, and WinDENDRO. However, if the study 
aims to obtain more detailed information on xylem cell traits, quantitative wood 
anatomical (QWA) methods are applied (von Arx et al., 2016). QWA involves the 
production and analysis of thin histological preparations of wooden material, thereby 
allowing the study of many parameters in the xylem and also cambial activity. QWA 
methods follow a series of successive steps, including (1) microsection preparation 
(sectioning, staining, fixation); (2) the digitizing of anatomical sections, e.g., using 
a slide scanner or a camera mounted on an optical microscope; and (3) the measure- 
ments of the cell structures by specialized software, e.g., ROXAS, WinCELL, and 
AutoCellRow (Dyachuk et al., 2020; von Arx et al., 2016). Finally, in the case of 
in situ monitoring of the intra-annual dynamics of wood formation, dendrometers 
provide automatic measurements of changes in stem diameter at various temporal 
scales. 

Typically, dendrochronological studies assess the effect of climate conditions on 
tree growth by correlating tree-ring width indices (or other parameters) with meteoro- 
logical data, e.g., temperature, precipitation, cloudiness, soil moisture, and/or wind, 
at a daily or monthly resolution. Such analyses determine the main environmental 
factors—and the role of the magnitude and timing of these factors—controlling 
tree growth and structure. Although the first steps to unveil climate effects are rela- 
tively simple, e.g., response functions, the subsequent statistical analyses are now 
quite sophisticated and can include a large number of diverse parameters to obtain a 
more comprehensive understanding of the mechanisms involved in tree-ring forma- 
tion. For example, general additive mixed models identify differences between the 
various tree-ring parameters as a function of several variables, including site loca- 
tion, tree age, and target year (Zuur et al., 2009). Because this type of statistical 
model provides a broader view of the parameters controlling tree growth, they are 
increasingly applied to dendrochronological studies. In addition, modeling tree-ring 
growth as a theoretical approach is commonly used to simulate cell growth rates, 
determine ring structure and cell phenology, evaluate the effect of climatic limiting 
factors, and forecast tree growth under future climate scenarios. 

Significant warming trends affect the phenology and physiology of trees and the 
geographical distribution of different types of boreal forests (Barber et al., 2000; Cuny 
et al., 2015; Menzel et al., 2006). Warmer temperatures also likely trigger an earlier 
onset of growth because of more favorable conditions in usually cold climate regions 
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(He et al., 2018a; Menzel et al., 2006; Yang et al., 2017). These changes are reflected 
in tree rings and xylem structure; for example, increased tree radial growth of Pinus 
sylvestris L. has been observed in stands from western to eastern Siberia (Tabakova 
et al., 2020). Arzac et al. (2019) obtained similar results in central Yakutia, in which 
the ring width and latewood width of Larix cajanderi Mayr and P. sylvestris have 
increased over the recent decades in response to warmer temperatures. Nevertheless, 
the climate sensitivity of P. sylvestris could decrease because of changes in climate 
seasonality; thus, in southern Siberia, current climate seasonality changes positively 
impact both the hydraulic efficiency (by increasing the diameter of the earlywood 
cells) and the latewood width of wood produced (Arzac et al., 20182). 

In terms of xylem structure, seasonal variations in climate have clearly affected 
xylem cell differentiation, and therefore, total ring structure (Cuny & Rathgeber, 
2016). Thus, favorable temperatures at the beginning of the growing season may 
contribute to the extension of cambial activity during the formation of earlywood 
(Rossi et al., 2013), whereas low temperatures at the end of the growing season 
constrain cell wall deposition during the formation of latewood (Cuny & Rathgeber, 
2016; Zhirnova et al., 2020). Beyond the critical role of temperature for tree growth, 
precipitation signals are very strong at critical tree growth stages for both earlywood 
and latewood (Babushkina et al., 2018). 


11.4 Tree-Ring Process-Based Models as Tools 
for Analyzing Climate Influence on Long-Term 
Tree-Ring Growth 


One of the main objectives of dendrochronology and wood anatomy is the study of the 
year-to-year variability in the qualitative and quantitative characteristics of tree-ring 
growth and the identification of environmental factors that determine this variability 
over the long term, i.e., up to several decades, throughout the cold climate boreal 
zone (Vaganov et al., 2006, 2011). Seasonal direct observations of the xylogenesis 
of conifers and the appropriate statistical analysis are unique sources of informa- 
tion for understanding the processes occurring during the formation of tree rings 
(Vaganov et al., 2006). The direct and experimental observations of tree-ring forma- 
tion contribute significantly to a deeper understanding of tree growth response to envi- 
ronmental conditions (Rossi et al., 2008a, 2008b, 2013). However, this kind of anal- 
ysis often requires weekly monitoring, sampling, and measuring; this requirement 
is extremely labor intensive and generally unfeasible over vast territories. Without 
belittling the experimental and theoretical significance of direct observations of the 
xylogenesis of conifers, unfortunately such data in most cases can cover only a few 
seasons (2-4 years), with rare exceptions. Even 15-year xylogenesis observations 
(Buttó et al., 2020) do not ensure that, during the analysis, a long-term phenomenon, 
e.g., the divergence problem, does not occur (Kirdyanov et al., 2020). Moreover, the 
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network of xylogenesis observations is significantly inferior to the spatial network of 
dendrochronological data, which covers the main forest biomes of the boreal zone. 

Thus, estimating the differentiation time of cambium and xylem by process-based 
modeling is a possible tool that adequately extrapolates local xylogenesis analyses 
over widespread territories (Guiot et al., 2014). Given the significant increase in the 
quantity of tree-ring (including anatomical wood) data, there is an ongoing need to 
develop methods and software able to automatically identify and process all forms of 
biological information obtained from tree rings. Performing an adequate simulation 
of tree-ring cell structure makes it possible to separate the climate-driven component 
from other external (e.g., forest fires, insect outbreaks, snow avalanches) and internal 
(e.g., seasonal hormone variability, age-dependent trends) factors in tree-ring growth 
and understand the principal processes during the formation of tree rings over the 
long term (Shishov et al., 2021; Vaganov et al., 2006). 

Process-based models describe tree growth on the basis of climate forcing and 
local nonclimatic environments, such as tree competition, insect outbreaks, and fires 
(Guiot et al., 2014). These multidimensional models can describe nonlinear interac- 
tions between tree growth and environments. In most processed-based tree growth 
models, climate variables are considered the primary global drivers of spatiotemporal 
growth variability (Guiot et al., 2014; Misson, 2004; Ogée et al., 2009; Peters et al., 
2021; Vaganov et al., 2006). These models are useful for understanding the growth 
processes under investigation and finding new patterns reflecting the interaction of 
environmental factors with biological processes occurring within woody plants. 

For example, the model MAIDEN (Modeling and Analysis In DENdroecology) 
and its modification MAIDENiso simulate annual tree-ring increments, carbon 
and oxygen isotope compositions based on daily CO» atmospheric concentrations, 
precipitation, and minimum and maximum air temperatures. These models evaluate 
carbon assimilation and allocation within various global forest stands, including those 
in cold climate regions (Gennaretti et al., 2017a; Lavergne et al., 2017; Rezsóhazy 
et al., 2020). Two modifications exist for MAIDEN: one developed for Mediterranean 
forests (Gea-Izquierdo et al., 2015) and one for boreal tree species (Gennaretti et al., 
2017a, 2017b). This model can estimate daily photosynthesis and allocate the daily 
available carbon and stored nonstructural carbohydrates to different pools, i.e., leaves, 
roots, stem. 

The stem growth and wood formation model of Drew and Downes (2015) is a 
potential candidate for use in cold climate conditions. The model uses CABALA- 
estimated daily variables—daily minimum and maximum leaf water potential, carbo- 
hydrate allocated to stem, stand density, tree height, and crown length (Battaglia et al., 
2004)—as inputs to predict tracheid size, cell wall thickness, and microfiber angles 
in a cell on the basis of cambial activity and carbohydrate balance (Drew & Downes, 
2015). Growth is limited by the daily osmotic potential of cell growth; this parameter 
links cell wall turgor, water, and carbohydrate balance. From these cell simulations, 
the model can estimate wood density. The model distinguishes between radial and 
longitudinal cell expansion. 

One of the most modern and comprehensive models is the turgor-driven growth 
model of Peters et al. (2021), which estimates the growth dynamics of most tree 
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tissues. The model has already been tested successfully along an elevation gradient 
involving different climate conditions. In this model, tissue development is limited 
by water balance and depends on cell growth. In turn, cell growth is limited by the 
water and temperature balance and depends on the turgor of cell walls. The variables 
required as inputs to the model are tree-specific allometric characteristics, hourly tree 
physiological measurements, and micrometeorological data and parameters. Incor- 
porating these variables disentangles reversible, i.e., daily shrinkage and swelling as 
a result of water transport, from irreversible diameter growth (Peters et al., 2021). 

The Vaganov-Shashkin tree-ring simulation model (VS-model) is one of the most 
applied model. This model is often used because of the minimal requirements for 
inputs and has already been used in various environments from warm semiarid and 
temperate conditions (Anchukaitis et al., 2006; Evans et al., 2006; JevSenak et al., 
2021; Touchan et al., 2012; Tumajer et al., 2021a, 2021b) to cold climates (Belousova 
et al., 2021; Buttó et al., 2020; He et al., 2017, 2018b; Popkova et al., 2018; Shishov 
et al., 2016; Tychkov et al., 2019; Vaganov & Shashkin, 2000; Vaganov et al., 2006, 
2011; Yang et al., 2017). As a significant simplification of the VS-model, the VS- 
lite version accepts monthly temperature and precipitation data and offers the best 
choice for estimating a nonlinear tree-ring response to changing climate on a global 
scale (Tolwinski-Ward et al., 2011, 2013). However, the VS-lite is not formally a 
process-based model; it can be considered as a mathematical operator having some 
biological basis that effectively estimates a monthly-scale nonlinear relationship 
between climatic and dendrochronological data sets (Guiot et al., 2014). 

Below we consider some of the issues concerning the tree-ring growth simulations 
inacold climate that are common to most process-based models, using the VS-model, 
which we use as an example. 

The VS-model is based on several assumptions (Vaganov et al., 2006): 

The main target of external (climatic) influence is the cambial zone, the zone 
of actively dividing cells. The external influence affects the linear growth rate of 
cambial cells (and the cell cycle). 

The main external factors affecting the growth rate of cambial cells are daily 
average temperature, day length (closely correlated with solar irradiation), and soil 
moisture. Day length is determined by latitude, solar declination, and day of the year. 

The tree-ring growth rate is positively correlated with the number of new cells 
in the enlargement zone and their sizes. Therefore, the growth rate variations prede- 
termine mainly the anatomical characteristics of the tracheids being formed, i.e., 
radial diameter. The principle of limiting factors—Liebig’s principle; Ebelhar et al. 
(2008)—is used to estimate the growth rate. 

The model simulates only climatically induced tree-ring width and structural 
variations. Therefore, the model can insulate climatic forcing from other local 
environmental effects, i.e., fires, insect outbreaks. 

The basic algorithm of the VS-model (Fig. 11.4) involves the input of daily 
climatic data (temperature, precipitation, and solar irradiation), the calculation of 
integral tree-ring growth rate G from the climatic data, and estimation of cell produc- 
tion (number of cells formed during the growing season) and their radial sizes by the 
integral (environmental) tree-ring growth rate G. 
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Fig. 11.4 Flowchart of the Vaganov-Shashkin model algorithm, where G, the integral growth rate, 
and gi; (t), gr (t), gw (t), the partial growth rates, depend on solar irradiance (or day length) 7, 
temperature T, and soil moisture W, respectively 


The principal factors affecting the growth rate, i.e., air temperature, soil moisture, 
and day length, are used as inputs to the model. The cell production and their radial 
sizes are estimated on the basis of the integral (or environmental; see Anchukaitis 
et al. 2020) growth rate values at each time step (day of the year) t, which are 
calculated using the principle of limiting factors: 


G(t) = gr(t) * min{gr (t), gw (t)]. 


where G (t) is the integral growth rate, g; (t), gr (t), gw (t) are the partial growth rates 
dependent on day length (solar irradiance) 7, temperature T, and soil water content 
W, respectively. 

The model estimates the daily water balance on the basis of the accumulated 
precipitation in the soil (with or without snowmelt), transpiration (temperature- 
dependent), and runoff (Thornthwaite & Mather, 1955). Day length (or incoming 
sunlight) is determined by the model according to the latitude at which the meteo- 
rological station or dendrochronological site is located (Vaganov et al., 2006). The 
number of cells formed per growing season and their sizes are then calculated on the 
basis of the integral (environmental) growth rate (Anchukaitis et al., 2020; Belousova 
et al., 2021; Shishov et al., 2021). 
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11.5 Theoretical Interactions in the Climate-Tree Growth 
System in Cold Climates 


The VS-model was developed to estimate the climate signal (component) in tree 
rings (Vaganov et al., 2006). Generally, trees growing in extreme conditions are 
very sensitive to climate; thus, climate can explain up to 60-65% of annual tree- 
ring variability measured over decades. The percentage of explained variance can 
vary depending on location (Fig. 11.5). The distance between the southern MIN and 
northern PlatPO Siberian sites is about 2,200 km; the explained variance varies from 
36 to 50%, respectively. The percentage of explained variance also depends on tree 
species and microclimates (Buttó et al., 2020; Popkova et al., 2020; Yang et al., 
2017). 

Another important specificity of cold climates is tree phenology, particularly 
cambium activity, which can be estimated effectively over the long-term by the 
VS-model (He et al., 2018b; JevSenak et al., 2021; Tumajer et al., 2021a; Yang et al., 
2017). Relative to more temperate conditions, the period of ring formation is shorter 
in cold climates; the cambium of conifer species is active between 180 and 240 days 
per year in semiarid Mediterranean Tunisia (Touchan et al., 2012) or Spain (Tumajer 
et al., 2021b) and just during 50—65 days per year in the extreme cold forest-tundra 
region of northern Yakutia, Russia (unpublished data). In both cases, ring cells pass 
through all stages of xylogenesis. 

Moreover, the VS-model simulation can also reveal long-term trends in cambium 
phenology. For example, the period of cambium activity has become longer because 
of climate warming in the cold semiarid part of the Tibetan Plateau (Yang et al., 
2017) and, as a result, significant negative (positive) shifts have been observed at the 
onset (end) of the growing season (Fig. 11.6). 
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Fig. 11.5 The observed tree-ring chronology (solid black line) and simulated chronology (solid 
gray line) a for 1936-2009 at the MIN site (southern forest-steppe of central Siberia) and b for 
1950-2009 at the PlatPO site (taiga of central Siberia). Average index for tree-ring growth and 
standard deviation are included (dashed horizontal lines). Reprinted by permission from Springer 
Nature from Tychkov et al. (2019) 
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Fig. 11.6 Cambium phenology in a cold semiarid area of the Tibetan Plateau, northwestern China; 
a the average onset of the growing season (SoS) and b end of the growing season (EoS) for 1960— 
2014, as obtained using the VS-model. Dashed lines indicate linear trends for 1960-2014 (black 
line), 1982-2014 (red line), and 1960-1981 (blue line). Error bars indicate the standard deviation 
among the 20 composite sites. Significant (P « 0.01) advancing (delaying) trends in SoS (EoS) were 
detected for the periods 1960-2014 and 1982-2014. During 1960-1981, however, a nonsignificant 
(P > 0.05) trend was identified. Reproduced with permission from Yang et al. (2017) 


Although most tree species are very sensitive to seasonal temperature variations in 
cold climates (Cook & Kairiukstis, 1990), this sensitivity can change overthe growing 
season, i.e., two conifer species located in the same cold habitat can vary in their 
respective response to a similar temperature and moisture regime (Fig. 11.7). Spruce 
growth is always limited by temperature (Fig. 1 1.7b); however, soil moisture becomes 
a critical component controlling tree-ring growth in the middle of the growing season 
for larch, even in permafrost conditions (Fig. 11.72). 

Finally, because of the high percentage of explained variance in tree rings in cold 
climates (Briffa, 2000; Briffa et al., 1998; Vaganov et al., 1999) and the climate- 
oriented outputs of the VS-model (Anchukaitis et al., 2020; Vaganov et al., 2006), 
it is possible to effectively reconstruct the long-term seasonal cambial kinetics and 
their timing (Popkova et al., 2018; Shishov et al., 2021). This is also possible for 
temperate habitats, where trees are less sensitive to thermal conditions (Tumajer 
et al., 2021a). Generally, cold climate trees show less seasonal cell production than 
trees in temperate climate environments (Vaganov et al., 2006). 
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Day 


Fig. 11.7 Typical patterns of partial growth rates dependent on solar irradiance Grg(t) (black dotted 
line), soil moisture Grw (t) (dashed gray line), and temperature Grr(t) (solid black line) between 
1950 and 2009 for two northern Siberia taiga sites with a Siberian larch (Larix gmelinii (Rupr.)) and b 
Siberian spruce (Picea obovata Ledeb.) trees. The growth rates are fitted by a negative exponentially 
weighted smoothing. The lowest partial growth rate represents the most limiting factor for each day 
of the year. Reprinted from Shishov et al. (2016) with permission from Elsevier 


11.6 Model Parameterization and Calibration Features 


The main problem for most process-based models is the large number of model 
parameters that must be reasonably re-estimated for each habitat. Therefore, an 
adequate parameterization of the models is needed using appropriate experimental 
(ecobiological) and theoretical (mathematical) approaches. First, the obtained values 
of the model parameters should be reasonably interpreted by the nature of processes 
involved in the model (Shishov et al., 2016; Tychkov et al., 2019) and direct field 
observations (Buttó et al., 2020; Jevšenak et al., 2021; Tumajer et al., 2021a, 2021b). 
Second, even the most sophisticated mathematical optimizations, i.e., Bayesian 
approaches (Anchukaitis et al., 2020), or differential evolution (Kirdyanov et al., 
2020) in a multidimensional parameter space cannot ensure that mathematically 
optimal parameters providing the best fit between the observed and simulated tree- 
ring growth are not artificial. To resolve these issues, we suggest using a two-step 
parameterization procedure: (1) visual (manual or semiautomatic) parameterization 
(Shishov et al., 2016) to obtain reasonable initial values of the model parameters that 
are ecobiologically interpreted; and (2) mathematical multidimensional optimization 
limited by the neighborhood of the obtained parameter values. 

The visual parameterization approach described here could be applied to most 
process-based models. The new version of the model is VS-oscilloscope-online 
(http://vs-web.sfu-kras.ru:8080/), analogous in nature to a physical oscilloscope 
(Fig. 11.8). The VS-oscilloscope models (visualizes) the nonlinear tree-ring growth 
response to climate variability while assessing the contribution of each climatic vari- 
able (temperature or soil moisture) to the daily variability of seasonal dynamics of 
tree-ring formation (Tumajer et al., 202 1a). 

VS-oscilloscope-online is a web-graphical interface software based on Lazarus 
code (Shishov et al., 2016; Tychkov et al., 2019) with the potential use of the 
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Fig. 11.8 Presentation of the VS-oscilloscope; (upper panel) the Open Data browser tab and (lower 
panel) the Parameterization browser tab 
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MATLAB version of the VS-model (Anchukaitis et al., 2020). The web-designed 
tree-ring simulation system can be considered as a cross-platform application; there- 
fore, the VS-model can be used on computers regardless of the installed operating 
system (e.g., Windows, Linux, Mac 1OS). 

The basic idea of the visual parameterization (VS-oscilloscope) is to select the 
optimal parameter values to achieve a maximum correlation and synchronicity from 
a visual assessment of the synchrony between the simulated growth curve and the 
actual tree-ring chronology (Shishov et al., 2016). 

The values of all parameters are fixed (or held constant), and only one parameter 
is modified, e.g., T min, the minimum temperature for the onset of tree-ring formation 
or first cambial cell division (Vaganov et al., 2006). Changing the position of the 
bottom Tmin to the right (left) increases (decreases) the value of this parameter in 
degrees (°C), which is then used to estimate the growth rate. Changing the position 
of the bottom for the analyzed parameter leads to a recalculation of the simulated 
growth curve, accounting for the parameter's new value (Fig. 11.8b, right panel). 

The VS-oscilloscope's virtual display (Fig. 11.8b, right panel) shows the actual 
tree-ring chronology downloaded from a *.crn file (red line), the new simulated 
growth curve (blue), and the previous modeled curve (green). Iterations with new 
parameter values are performed until the maximum correlation between the growth 
curve and tree-ring chronology is obtained. The procedure is repeated for all 
parameters of the VS-model (Shishov et al., 2016). 

The VS-oscilloscope control unit interface contains two tabs for inputting raw data 
(Fig. 11.8a) and adjusting growth parameter values (Fig. 11.8b). Raw data containing 
daily values of temperature and cumulative precipitation and values of initial tree- 
ring chronology, latitude, longitude, and tree species are loaded using a special ASCII 
format. The VS-oscilloscope-online operates with 19 parameters associated with the 
local conditions of the woody plant growth. According to the VS-model algorithm 
(Fig. 11.4), the parameters can be divided into two groups: those essential for calcu- 
lating the integral growth rate of tree rings (19 parameters) and those necessary to 
determine cambial activity (17 parameters). The values of 19 parameters can be 
changed manually in the Model Parameterization panel (Fig. 11.8b, left panel). 

If the user has questions while using the VS-oscilloscope-online, they can use 
the web link Click Me to access a ZIP archive of an input data example and user 
guide (Fig. 11.8a). When the application has finished, the best model obtained by the 
optimal parameter settings is saved by the system and downloaded in *.csv, *.dat, or 
* xlsx format as a ZIP archive (Fig. 11.8b, use the Best Result and Download Files 
links). 

When the calculations are completed, several files are created: (1) a chronology file 
(e.g., crns.*), which contains the simulated growth index (Model), actual tree-ring 
chronologies for the study area (Crn), Z-scores of simulated (NMOD) and actual 
(NCRN) chronologies, the number of days when the minimum temperature for 
growth start is reached (Tmin), the day of the year when a growing season starts 
(SoS) and ends (EoS) (2) a growth rate file (e.g., rates.*), having a table containing 
dates of the year (Date), days of the year (Day), an integral growth rate (Gr, relative 
units), a partial growth rate (Gry, relative units) dependent on soil moisture, a partial 
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growth rate (Grr, relative units) dependent on temperature, a partial growth rate (Grw, 
relative units) dependent on soil moisture, and a partial growth rate (Grg, relative 
units) dependent on solar irradiance, daily temperature (Tem, ?C), daily precipitation 
(Prec, mm), estimated soil moisture Sm (v/v), and daily transpiration (Tr, mm). 

These output data can be used to analyze long-term trends in cambium phenology 
(Yang et al., 2017), seasonal tree-ring growth patterns dependent on climatic vari- 
ability (Buttó et al., 2020; He et al., 2017; Jevšenak et al., 2021; Tychkov et al., 
2019), and seasonal cambium kinetics due to the cambium block of the VS-model 
(Anchukaitis et al., 2020; Belousova et al., 2021; Shishov et al., 2021; Tumajer et al., 
2021a). 

This parameterization procedure allows us to assess the impact of each individual 
climatic factor (temperature, soil moisture, and solar irradiance) on tree-ring growth 
and interactively control the intervals of valid model parameter values on the basis 
of available direct observations of the physical processes described by the growth 
simulation model (Vaganov et al., 2006). Such approaches provide a better under- 
standing of the growth process of tree rings and greatly facilitate working with the 
multidimensional VS-model. 

The main goal of any parameterization is to obtain the best fit of the simulated 
values to the observed direct measurements by selecting certain parameter values 
of the model. At the same time, in the context of tree-ring modeling, the selected 
parameters should not conflict with the biological principles of growth and field 
parameters obtained for the different environmental conditions of the studied forest 
stands (Buttó et al., 2020; Tumajer et al., 2021b; Tychkov et al., 2019). Solving this 
problem by the direct mathematical optimization of multidimensional parameter 
space is problematic, given the high probability of attaining a local optimum that 
generates artificial outcomes (Evans et al., 2006; Tolwinski-Ward et al., 2013). 

Along with the Bayesian approach (Anchukaitis et al., 2020; Tolwinski-Ward 
et al., 2013), the differential evolution (DE) approach is a good candidate and is one 
of the fastest optimization methods (Price et al., 2005). The basic concept of DE 
is to obtain optimal values for multidimensional, real-valued functions of parame- 
ters on the basis of genetic mutations of a specially generated parameter set (see 
Storn & Price, 1997 for more details). Moreover, DE does not use the gradient of the 
problem being optimized; thus, DE does not require the optimization problem to be 
differentiable, as required by classic optimization methods such as gradient descent 
and quasi-Newton methods. Thus, DE can be applied to a wide suite of process- 
based tree-ring models. This optimization is already incorporated into the VS-lite 
and VS-models (Kirdyanov et al., 2020; Tumajer et al., 2021b). 

Following the above-described two-step parameterization procedure will signifi- 
cantly limit the risk of obtaining inadequate model parameters; therefore, theoretical 
(simulated) tree-ring growth patterns under climatic forcing will be more reliable. 
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11.7 Conclusions 


In the last decades, the Earth's climate, particularly in the higher latitudes of the 
Northern Hemisphere, has changed markedly as increases in average annual temper- 
atures are melting glaciers and raising global sea levels (IPCC, 2007, 2014). In addi- 
tion to warming, there is also an imbalance in natural systems, leading to changes 
in rainfall patterns, temperature anomalies, and an increased frequency of extreme 
events, such as hurricanes, floods, and droughts (Anderegg et al., 2015; IPCC, 2007, 
2014). According to the medium- and long-term projections of global climate models, 
the effects of global warming will be most pronounced in areas characterized by 
cold climates, especially in the high latitudes of the Northern Hemisphere (IPCC, 
2007, 2014). The consequences of this warming include a higher probability of 
global natural disasters, greater uncertainty in plant response to climate (IPCC, 2007, 
2014), and decreased diversity in many forest ecosystems (Anderegg et al., 2015). 
The experimental and theoretical study of tree rings and their formation is a key 
source of information for revealing nonlinear relationships between climatic factors 
and seasonal tree-ring growth. These studies contribute to a better understanding 
of forest ecosystem processes and how they are affected by global climate change 
(Vaganov et al., 2006, 2011). Moreover, a greater understanding of the tree-ring 
growth processes is essential when developing adequate models for reconstructing 
climatic variables from dendrochronological data (Esper & Frank, 2009). Conifers 
are particularly sensitive to climatic conditions and are of special interest for studying 
the nonlinear response of tree growth to climatic influences in cold climates (Rossi 
et al., 2013, 2016; Vaganov et al., 1999, 2006). 

The most effective research combines experimental approaches, including wood 
anatomy data of tree rings (Fonti et al., 2010) and the respective advanced statistical 
analyses (Babst et al., 2013; Cuny et al., 2013), with theoretical process-based simu- 
lations (Anchukaitis et al., 2020; Cuny et al., 2015; Gennaretti et al., 20172; Peters 
et al., 2021; Vaganov et al., 2006) capable of extending experimentation over the 
long-term to ensure an overlap with direct instrumental climate observations (Briffa 
et al., 1998). Given that most process-based models are multidimensional and involve 
many parameters (Guiot et al., 2014), parameterization is a crucial issue for obtaining 
reliable tree growth simulations connected with local climate and species and the indi- 
vidual trajectory of tree development (Tychkov et al., 2019). Accordingly, we have 
detailed the example of the two-step parameterization procedure of the VS-model, 
which can be used in most models. The potential of tree-ring growth simulations can 
be applied to various research fields, including tree phenology, forest management, 
and carbon cycle analysis through the annual estimation of the absolute volume of 
woody biomass of forest ecosystems (Vaganov et al., 2006). 
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Abstract Species continuity under the harsh climatic conditions of the boreal forest 
requires trees to ensure the functioning of two main life processes, namely growth 
and reproduction. However, species survival becomes a challenge when environ- 
mental conditions become unstable and reach the taxa’s ecological tolerance limit. 
Survival in an unstable environment is possible through the concurring processes of 
phenotypic plasticity and local adaptation; each process has its advantages and short- 
comings. Local adaptation allows attaining the best possible fitness under conditions 
of limited gene flow and strong directional selection, leading to specific adaptations 
to the local environment; however, there is a risk of maladaptation when conditions 
suddenly change. In turn, phenotypic plasticity provides trees an advantage when 
weather events change rapidly and enables a response expressed by the production 
of different phenotypes by the same genotype. However, this process is expensive in 
terms of costs in maintenance and causes developmental instability within the indi- 
vidual. Boreal trees utilize both processes as reflected in variations in their functional 
traits within the same species. In this chapter, we address the main life processes, 
presenting the variability of functional traits of flowering and seed production, xylem 
conductivity, bud and cambium phenology, as well as transpiration and photosyn- 
thesis, as a consequence of the interaction of genotype and environment. We describe 
the practical consequences of a variation in functional traits, as expressed in chemical 
and mechanical wood properties. Finally, we outline applications and perspectives for 
managing boreal forests in a context of heterogeneous and changing environmental 
conditions. 
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12.1 Introduction 


12.1.1 Populations and Local Adaptations 


To understand how functional traits vary across ecotypes, we first define an ecotype, 
explain how the concept has evolved, and identify the main drivers of its variation. The 
terms ecotype and provenance are often used in parallel, especially in forest sciences, 
because the phenotypic variation within tree species has been used in forestry for 
centuries. The Swedish researcher Olof Langlet, who focused primarily on forestry, 
was one of the early pioneers in provenance research, although there had been consid- 
erable work conducted since the mid-eighteenth century in Europe (Langlet, 19712). 
Since most of this early work was undertaken in France, it is not surprising that the 
word provenance is the French term meaning "origin." We can better understand the 
term origin (and provenance) from a simple experiment by the French Navy in the 
middle of the eighteenth century. As Inspecteur Général de la Marine (Inspector 
General of the Navy), Henri Louis Duhamel du Monceau (b. 1700-d. 1782) became 
responsible for improving the quality of ship masts for the French Navy. To find 
more suitable pylon material, he collected seeds from pines growing in various loca- 
tions (Scotland, Latvia, and central Europe) and planted them in the same site in 
France, the precursor of a common garden. At that time, it was thought that the 
seeds belonged to individuals from different species because of their miscellaneous 
appearances. However, a nephew of Duhamel du Monceau continued the work of 
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his uncle and reported, 40 years later, that they were rather varieties of one species, 
namely Scots pine (Pinus sylvestris L.) (Langlet, 1971b). This early and ground- 
breaking experiment served as the starting point for many other investigations across 
the globe that led to significant improvements in our understanding of how genetics 
and the environment shape the geographic variation of plant phenotypes. 

There are two major interacting forces, genetic and environmental, involved in 
creating the geographic variation in tree traits. Genetics define what is intrinsic to the 
tree and create heritable variations that can be passed to successive generations. The 
unit of observation is usually defined as the gene, which is the carrier of all essen- 
tial information at the DNA level, often resulting in an expressed amino acid and 
subsequent complex molecular organic compounds (Pearson, 2006). The environ- 
ment represents all abiotic and biotic agents conditioning a tree during its lifetime. 
Genecology, the interaction between genetics and environment, is the research of 
provenance variation or, more precisely, the discipline analyzing the environmental 
effects on the spatiotemporal variation of genotypes and phenotypes. Although our 
definition differs slightly from that of Langlet (1971b), we aim to provide a handy 
and intuitive description of this term for applied ecologists rather than provide an 
exhaustive and incontestable theoretical definition. 

Going back to the abovementioned French experiment from 1745, we raise the 
question as to what factor caused the Scots pine trees to differ greatly in form 
despite growing in the same environment in Duhamel’s French garden. The answer 
is simple: the gene expression under specific environmental conditions. The genetic 
background of the transplanted seeds still matched their original locations and repre- 
sented an assembly of well-adapted genes developed under specific environmental 
pressures. Thus, the trees grew as per the environmental conditions at their site of 
origin. Thus, variation at the trait level for a given species, i.e., growth or frost resis- 
tance, usually coincides with the variation in allele frequencies at the DNA level 
among provenances. The relationship between changes in mean trait values such as 
bud flush or height growth across environmental gradients, e.g., per degree of mean 
annual temperature or degree of latitude, is named a cline. The steepness and general 
shape of these provenance clines can vary considerably among species, traits, and 
geographical scales (Alberto et al., 2013). In an extensive literature review, Alberto 
et al. (2013) analyzed genecological clines for several tree species, including those 
of the boreal forest. They described evident clines between the timing of bud burst 
and origin, i.e., the latitude of seed sources, in Norway spruce (Picea abies Karst.) 
and sessile oak; however, they found weak clines among white spruce (Picea glauca 
(Moench) Voss) provenances. This demonstrates that tree species can be differen- 
tiated unequally, a factor that must be accounted for when intraspecific variation is 
used in seed transfer. Important genecological features associated with boreal tree 
populations are frost hardiness, timings of bud set, and early survival of seedlings, 
as growing conditions are characterized by harsh winters and short growing seasons. 
In Scots pine, for example, these traits show a strong adaptive divergence even at 
moderate geographical scales. Thus, the traits of Scots pine populations from northern 
Finland are easily distinguished from populations originating from southern Finland 
(Savolainen et al., 2004). 
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The field of genecology and provenance research has recently started to attract 
scientists because of its putative usability in adaptive forest management (Aitken 
et al., 2008). Consequently, provenance research combined with improvements in 
molecular genetics and climate modeling has already resulted in revised seed source 
zonations and novel recommendations for forest genetic resources when climate is 
considered. 


12.1.2 Inter- and Intrapopulation Variability 


We can define historical gene flow among populations as being related to the exchange 
of genetic information—through sexual reproduction— during the postglacial recol- 
onization of newly accessible and suitable habitats. The traits of populations orig- 
inating from glacial refugia, e.g., the Iberian Peninsula and the Carpathian Moun- 
tains, often differ from those of populations at the leading edge of the northern boreal 
zone when analyzed using neutral genetic markers. For instance, Scots pine (Pinus 
sylvestris L.) populations from southern Spain and Norway spruce (Picea abies (L.) 
H. Karst.) populations from the Carpathian Mountains differ in their genetic struc- 
ture from Scandinavian and Baltic populations of both taxa (Sinclair et al., 1999; 
Tollefsrud et al., 2008). To explain this diversity pattern, we should consider the tree 
populations as islands that frequently exchange a certain number of migrants with 
each other. The rate of exchange, i.e., the number of exchanged migrants or gene 
copies per generation, consequently determines the similarity of populations. This 
can be expressed by using common F-statistics, such as Fsr (Wright, 1943). The 
maximum value of Fsr is 1 and indicates no exchange of genetic information over 
a sufficiently long period among populations. An Fsr of 0 raises questions about 
whether we are observing different populations because they exchange so much 
genetic information that divergence in space or time would be extremely unlikely. 
For Scots pine and Norway spruce, Fsr reaches 0.8 and 0.6, respectively (Sinclair 
et al., 1999; Tollefsrud et al., 2008), suggesting that most neutral variability is indeed 
found among, rather than within, populations. 

Another common phenomenon leading to variability in space is the stochastic 
loss of gene variants through founder events during colonization. This random loss 
of alleles in space and time, also known as genetic drift (Lande, 1976), is gener- 
ally portrayed as a bottle filled with differently colored beads representing alleles or 
genotypes. Each time a subsample of these beads is removed through the bottleneck, 
i.e., the founder event, the relative proportions of colors can change unpredictably. 
Colors that initially appeared at lower probabilities, i.e., rare alleles, are more likely 
to disappear after such a bottleneck. Hence, it is thought that boreal tree populations 
are often genetically less diverse than southern populations because they have experi- 
enced more removals before their arrival to the boreal regions—the southern richness 
but northern purity paradigm of Hewitt (2000). A closer look at Norway spruce and 
Scots pine reveals, however, that this pattern is only partly true, as both species 
appear to have maintained their intrapopulation variability in the boreal portion of 
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their distribution despite the extensive distance from glacial refugia (Savolainen et al., 
2011; Tollefsrud et al., 2008). 

Historical gene flow and genetic drift are neutral processes, and their contribution 
to the cold-climate adaptations of Norway spruce and Scots pine is probably marginal. 
In Scots pine, adaptation to cold environments in the boreal north has likely been 
happening by directional selection from standing genetic variation within populations 
(Savolainen et al., 2011), which is a necessary process to consider in the context of 
adaptation to climate change. Nevertheless, neutral processes, such as gene flow 
and drift, harbor critical implications for adaptive forest management, e.g., defining 
conservation goals for rear-edge tree populations, because the adaptation to novel 
environmental conditions, such as climate change, requires certain thresholds of 
minimum genetic diversity to allow the populations to adapt (Fady et al., 2016). 
This awareness has also led to legal frameworks, e.g., national forest policies, that 
recommend a minimum number of mother trees for seed harvesting or establishing 
clonal seed orchards. Rather than the result of adaptive processes, gene flow and 
drift have partly shaped the current diversity patterns, providing the raw material for 
evolution and selection. 

The environment remains an important factor affecting variation within and among 
populations. Contrary to gene flow and drift, selection is targeted, shifting mean 
phenotypic values toward specific directions, the phenotypic optimum. One of the 
fundamentals of natural selection is based on the idea of Darwin (2003) that indi- 
viduals exhibiting a phenotype conferring greater survival and reproduction in a 
particular environment contribute to the next generation with more offspring (and 
hence more gene copies). We can identify several adaptive phenotypes in boreal 
species, such as greater cold hardiness or specific bud set, as observed for Scots pine 
(Savolainen et al., 2004) and Norway spruce (Oleksyn et al., 1998) populations. The 
term adaptive indicates that a certain amount of the phenotypic variation is heritable 
and provides a fitness advantage to the individual. A commonly used measure for the 
degree of heritable variation in a trait is the narrow-sense heritability (42). Only traits 
showing significant heritability within populations can improve breeding to obtain 
more resilient genotypes (Louzada & Fonseca, 2002). As for the abovementioned 
F sr, we define a measure partitioning quantitative or adaptive variability within and 
among populations by including heritability. This measure is named Qsr (Q repre- 
sents quantitative and implies that the variability in the studied trait is adaptive). It 
relates the total heritable variation to the heritable variation found among populations 
(Spitze, 1993). Where an F$sr of 0.9 suggests a limited exchange of genetic informa- 
tion between populations because of limited gene flow, e.g., a mountain cascade, a 
similar Qsr suggests that populations experienced spatially varying selection pres- 
sures and hence differ markedly in their average values for a certain trait, e.g., cold 
hardiness, between southern and northern provenances. Whereas heritability can be 
used as a broad surrogate for breeding success, Qsr may inform on the success of 
applying assisted gene flow in adaptive forest management. Only populations with a 
significant Osr for a specific trait can assure adaptation success by transferring puta- 
tively preadapted genotypes. Traits related to adapting to cold environments usually 


328 M. Klisz et al. 


show strong quantitative trait differentiation among populations, underlining their 
evolutionary importance in species with boreal distributions (Savolainen, 1996). 

Inter- and intrapopulation variability can also exist for the ability of phenotypes to 
adjust rapidly to a changing environment, referred to as variation in phenotypic plas- 
ticity or genotype-by-environment interaction. Variation in plasticity is also the result 
of a targeted process, although not necessarily an adaptive one (Merilà & Hendry, 
2014). Variation in plasticity is much more challenging to assess, particularly for 
trees, and therefore its contribution to climatic adaptation remains largely uncertain. 

In this section, we have seen that both inter- and intrapopulation variability in 
boreal tree species are important features for the current diversity from neutral or 
adaptive points of view. However, neutral and adaptive processes are not mutually 
exclusive but simultaneously affect variability, sometimes making it difficult to disen- 
tangle the two forces to estimate the evolutionary outcome of a species. Figure 12.1 
provides a simple framework to understand the two forces and their implications for 
the adaptive management of boreal tree populations. 


targeted adaptive management 
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Fig. 12.1 Overview of inter- and intrapopulation diversity measures (pink column), the underlying 
evolutionary processes (green column), whether the evolutionary process in neutral (horizontal 
black arrow) or targeted (angled green arrow) types of assessment (yellow column), and some 
implications for adaptive forest management (blue column) 
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12.2 Functional Traits 


12.2.1 Ecophysiological Responses to Short Growing 
Seasons and Harsh Winters 


In the previous section, we discussed the interaction between genetics and the envi- 
ronment. In this section, we focus on how boreal trees respond to the environment 
during their lifespans and how these functional and structural responses are coordi- 
nated. This area of research is called tree ecophysiology. In more detail, we discuss 
how boreal trees respond to an environment characterized by short growing seasons 
and harsh winters in terms of photosynthetic production, growth, wood anatomy, 
water transport, and frost tolerance. Understanding these responses is important 
because boreal forests are typically temperature limited and are thus considered 
especially sensitive to climate warming. 

Compared with trees in most temperate and tropical ecosystems, boreal trees are 
small relative to their age and have a relatively low net primary production of about 
270—540 g Cm sa? (Kolari et al., 2009; Luyssaert et al., 2007). In boreal forests, 
80%-95% of gross primary production is used for ecosystem respiration, and soil 
processes are responsible for a large share of total ecosystem respiration (Kolari 
et al., 2009; Luyssaert et al., 2007). The annual solar radiation and temperature cycle 
regulate the photosynthetic processes and timing of tree growth, i.e., the time between 
the spring thaw and the autumn freeze determines the amount of annual tree growth 
(Jarvis & Linder, 2000). 

The light-saturated rate of photosynthesis is affected by air temperature because 
enzymatic processes involved in photosynthesis are temperature driven (Farquhar 
et al., 1980). In addition, the physiological state of the photosynthetic machinery 
follows changes in temperature with a time lag of a few days (Kolari et al., 2014). 
There are, however, other indirect responses of photosynthesis to temperature. When 
plants take in CO» for photosynthesis through stomatal openings in leaves, they lose 
water to the atmosphere. Xylem transport and water uptake by roots must provide 
sufficient water supply for transpiration because otherwise, stomata will close to 
prevent excessive dehydration of the plant. Hôlttä et al. (2017) developed a whole 
tree-level theoretical framework to explain stomatal behavior and presented a model 
linking carbon source (leaf gas exchange), carbon sink (sugar utilization), and soil 
water uptake relations through xylem and phloem transport. The model simulations 
showed that when sink strength decreases with lower ambient temperatures—as 
per the well-known temperature dependence of plant respiration—this leads to a 
higher leaf sugar concentration and further limits photosynthesis (Hólttà et al., 2017). 
In addition to air temperature, soil temperature is also critical for photosynthesis. 
Stomatal conductance and photosynthesis decrease sharply when the soil temperature 
is less than approximately 8 °C in boreal conifers (e.g., Mellander et al., 2004). Under 
these conditions, insufficient water is available for trees because the cold soil limits 
the capacity of trees to extract and transport water from the soil to the canopy, thereby 
reducing canopy conductance and photosynthesis (Lintunen et al., 2020). 
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Although the boreal climate is typically rather moist, soil moisture could become 
a critical factor for boreal trees in the future. Reich et al. (2018), in a three-year 
open-air warming experiment with 11 temperate and boreal tree species, showed 
that an increase of 3.4 °C increased light-saturated net photosynthesis in moist soils 
only. Therefore, low soil moisture reduces or even reverses the potential benefits 
of climate warming for photosynthesis in boreal environments during drought and 
regularly occurring modestly dry periods. 

How then are growth and photosynthesis linked to wood anatomy? Trees scale 
leaf and xylem areas to couple transpiration and photosynthesis with xylem water 
transport, and some species are known to acclimate their leaf to xylem area ratio in 
response to climatic conditions. Petit et al. (2018) analyzed climate effects on the 
scaling of leaf and xylem areas in branches of Scots pine, Norway spruce, silver birch 
(Betula pendula Roth), and common aspen (Populus tremula L.) sampled across a 
continental transect in Europe. They found that the scaling of cumulative leaf and 
xylem areas axially from the branch apex down along the main branch axis is constant 
irrespective of species across Europe. Trees in the cold boreal region and dry southern 
Europe keep their functional balance between water transport and transpiration by 
maintaining their biomass allocation to leaf and xylem areas according to their growth 
rate. Specifically, allocation to leaf area is relatively higher for reduced growth rates 
because older growth rings are kept functional to maintain xylem conductance. 

Cold temperatures in the boreal region limit photosynthesis and tree growth. More- 
over, coping with cold winter periods is crucial for trees to survive at these latitudes, 
as these trees experience frequent freeze-thaw events during the winter. The freezing 
of xylem sap has several consequences for trees. The first is freeze-thaw-induced 
embolism. Gases dissolved in the xylem sap form bubbles during freezing, and these 
bubbles are at risk of expanding and creating embolisms upon thawing under tension 
(Sperry & Sullivan, 1992). Embolism prevents water transport and decreases xylem 
conductivity and is thus harmful to trees, although some tree species can restore the 
hydraulic system in spring (Mayr et al., 2020). The second important consequence 
of freezing for trees is frost-induced cellular damage, i.e., extreme winter dehy- 
dration or cell membrane rupture caused by ice crystal formation within the living 
cells (Thomashow, 1998). Living cells either avoid freezing by deep supercooling 
or tolerate subzero conditions by extracellular freezing. Extracellular freezing is 
visible, e.g., as shrinkage of woody tissues (Lintunen et al., 2017), and is typical 
in boreal species that experience temperatures colder than — 40 ?C (Fujikawa & 
Kuroda, 2000). In extracellular freezing, water is withdrawn from the cells into the 
apoplast, increasing the intracellular solute concentration and protecting the cell sap 
from freezing. 

Winter acclimation is essential for frost tolerance. Winter acclimation is how 
plants prepare themselves for winter conditions and become hardy. During the winter 
acclimation stage, protective downregulation of photosynthetic light reactions in 
boreal Scots pine and Norway spruce are stronger in spring than in autumn (Linkosalo 
et al., 2014). Relative to spruce, pine down-regulates photosynthetic light reactions 
earlierin autumn and reactivates them later in spring. This pattern suggests that spruce 
benefits more than pine from warm spring temperatures by increasing photosynthetic 
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production during warm spells; however, spruce is more vulnerable to frost damage 
if the temperature cools markedly after a warm spell (Linkosalo et al., 2014). 


12.2.2 Flowering and Seed Production 


The reproduction process of tree species is conditioned by cyclical timings of flow- 
ering and seed production, i.e., masting. The published literature provides many defi- 
nitions of masting, including the synchronous production of seeds over long intervals 
by a plant population and the episodic synchronous production of large seed crops 
by plant populations (Janzen, 1976; Kelly, 1994). In general, masting occurs at the 
population level when abundant seed production is synchronized among individuals 
(Kelly, 1994). Masting is variable between years and synchronous among popula- 
tions (Kelly, 1994; Poncet et al., 2009). The main evolutionary advantage of masting 
for wind-pollinated species, e.g., boreal taxa, is an improved pollination efficacy 
(Moreira et al., 2014; Nilsson & Wastljung, 1987). There are limited data regarding 
the masting frequency of boreal species (Ascoli et al., 2017). The masting pattern 
may vary from one to two years for eastern hemlock (Tsuga canadensis (L.) Carriére) 
(Ruth, 1974), three years for jack pine (Pinus banksiana Lamb.) (OECD 2010), two to 
six years for black spruce (Picea mariana (Mill.) BSP) (Viereck & Johnston, 1990) 
and seven to eight years for Douglas fir (Pseudotsuga menziesii (Mirb.) Franco.) 
(Stein & Owston, 2002). Norway spruce and Sitka spruce (Picea sitchensis (Bong.) 
Carriére) produce cones sporadically, with four years between mast crops. During this 
nonmasting period, cone density is very low or cone production is absent (Broome 
et al., 2007). In Sitka spruce populations in Norway, mast years occur at three- to 
five-year intervals in western Norway, whereas in the northern regions, mast years 
occur on a far more irregular basis (Nygaard & Øyen, 2017). Multiple hypotheses 
have been proposed to explain masting patterns (Pearse et al., 2016). In the following 
section, we detail the two most common hypotheses explaining masting for boreal 
species—weather conditions and resource budgets. 

Environmental conditions are the drivers of pollen and seed production. Geburek 
et al. (2012) investigated pollen production of some boreal species (Picea, Larix, 
Abies, Betula, Populus, and Alnus) and distinguished masting and nonmasting pollen 
producers. Trees of the first type produce high amounts of pollen only before a 
masting event; they only mast when the pollination period is synchronized with 
favorable weather conditions. Nonmasting species produce pollen every year. Some 
boreal North American and European species show intraspecific spatiotemporal 
synchroneity in masting over vast areas (Koenig & Knops, 1998), with synchronous 
masting for the same boreal species occurring over distances of 500 to 1,000 km 
between sites (Gallego Zamorano et al., 2016; Koenig & Knops, 1998). 

A relationship between masting and ecological parameters permits predicting cone 
production, and multiple authors have investigated potential correlations between 
specific environmental conditions and masting years. Gallego Zamorano et al. (2016) 
studied four boreal species in Finland—silver birch, downy birch (Betula pubescens 
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Ehrh.), Norway spruce, and rowanberry (Sorbus aucuparia L.). Flowering was 
affected positively by May temperatures but negatively by previous-year temper- 
atures. The spatial synchrony covered up to 1,000 km owing to synchronous weather 
conditions. The influence of larger-scaled events caused by global climate changes 
can also affect masting; for example, the El Nifio-Southern Oscillation (ENSO) and 
Atlantic Multidecadal Oscillation (AMO) influence masting in species such as white 
spruce (Ascoli et al., 2019). 

There is evidence that masting reduces the radial growth of trees. Seläs et al. 
(2002) observed a negative correlation between tree-ring width and seed masting for 
Norway spruce. Hacket-Pain et al. (2019) found the same results but only for super 
producers, i.e., trees having exceptional masting, and Ascoli et al. (2019) observed 
a positive correlation between drought events and masting in white spruce. 

Wildfire strongly influences masting patterns (Charron & Greene, 2002). The 
environmental prediction hypothesis holds that some wood boreal species produce 
abundant seed after the first year of wildfires, which ensures a high survival rate of 
young trees (Peters et al., 2005; Wirth et al., 2008). This hypothesis applies primarily 
to plant species in fire-prone regions, whereby woody plants produce serotinous 
fruits, which release their seeds after wildfires (Kelly, 1994; Pearse et al., 2016). The 
projected increased occurrence, amplitude, and severity of fires across the boreal 
ecosystems will likely increase seed production in the boreal zone (Shvidenko & 
Schepaschenko, 2013). 

Other hypotheses of masting behavior are based on the physiological aspects of 
plant life. The resource budget model illustrates that masting requires more resources 
than plants can secure over a single year, hence the resulting periodicity in fructi- 
fication. There is little empirical support for the commonly stated hypothesis that 
plants store carbohydrates over several years to expend in a high-seed year. Plants 
can allocate carbohydrates from growth in high-seed years, and seed crops are more 
probably limited by nitrogen or phosphorus (Pearse et al., 2016). The source deple- 
tion hypothesis describes the occurrence of masting years through the accumulation 
and storage of resources. Masting occurs once a specific threshold is reached. This 
hypothesis agrees with some of the abovementioned results, which also support 
spatial synchronism through environmental factors caused by large-scale weather 
conditions. According to this hypothesis, mast seeding leads to resource depletion, 
and the threshold must be reached again through resource accumulation to produce 
the next masting. 


12.2.3 Wood Properties 


The marked variability in wood properties is the complex result of genetics, stand- 
level conditions, and short-term weather events. Wood properties, such as tracheid 
or fiber length, strength, stiffness, and density, are not only important for the tree as 
a living organism but are also essential for the use of wood as a material. 
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Tracheid, or fiber, length varies within a single tree ring, between juvenile and 
adult wood, and among individual trees and species. It is under strong genetic control 
but can also be influenced by silvicultural practices. Tracheid length increases from 
pith to bark (Bannan, 1967), and changes in growth rates (and the available time 
for growth) cause intra-annual differences that result in longer tracheid lengths 
toward latewood. Tracheid length influences various hydraulic parameters of living 
trees (Choat et al., 2008); it also has technological implications, e.g., paper quality 
(Wimmer et al., 2002). More important, however, is the microfibrillar angle, which is 
associated closely with tracheid length (Donaldson, 2008). Low microfibrillar angles 
are associated with high wood strength and stiffness. Environmental factors influence 
the produced angles, although the angles do show significant heritability (Donaldson, 
2008). 

Adequate mechanical wood characteristics are needed to support the tree architec- 
ture and the use of wood products. Whereas there are many different measures, such 
as hardness and tensile, bending, compression, and impact strength, these parameters 
are all strongly tied to wood density. In addition to ring width, wood density is the 
most commonly studied parameter of wood. Wood density measures the total amount 
of cell wall material per volume (Wimmer, 1995). A higher density in softwood 
results mainly from a greater presence of latewood within the tree ring (Kort, 1993), 
which can vary in Scots pine, for example, from 19 to 50% (Wimmer, 1995). Ring 
width, which affects the latewood percentage, strongly affects wood density, with 
the higher latewood proportions observed in smaller tree rings (Rathgeber, 2017). 
There are, however, exceptions to this general assumption. Rossi et al. (2015) found 
a higher density, associated with a higher latewood percentage and higher values for 
mechanical traits, in the wider rings at a lower latitude site of boreal black spruce. 
Under the shorter vegetation periods at more northern latitudes, cell wall deposi- 
tion and latewood formation—two processes related to temperature—are reduced 
(Cuny & Rathgeber, 2016). Therefore, lower temperatures at higher latitudes may 
reduce carbon allocation in latewood, leading to a lower wood density, even when 
small tree rings are produced (Rossi et al., 2015). 

Usually, ring width decreases with age, whereas the latewood percentage and 
wood density of softwood increases. The effect of climate on earlywood density 
is of particular interest (Grabner et al., 2010) owing to its close link with plant 
hydraulics. A potential consequence of low earlywood density is that negative water 
pressure exceeds the fracture limits of the wood, and radial cracks or stem cracks can 
therefore occur (Grabner & Wimmer, 2006). Unfortunately, information regarding 
earlywood density, using X-ray densitometry, is rare in dendrochronological studies. 
Maximum density at high-altitude or high-latitude sites is mainly affected by summer 
temperature, the period when the wood is formed. 

In addition to the environmental influences, wood formation and, therefore, wood 
quality are under strong genetic control (Cuny & Rathgeber, 2016). The analysis 
of different species of Abies (and particularly Abies alba) provenances growing in 
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eastern Austria demonstrated the influence of species and provenance on wood- 
quality traits (George et al., 2015). The observed variation of wood traits and their 
responses to drought revealed that the genus (Abies) explains between 10 and 20% of 
the variance in wood density but only a negligible amount of the ring-width variance. 
In contrast, provenances (of A. alba) are responsible for 10-15% of the variation in 
ring width. Nonetheless, provenance explains only a nonsignificant proportion of the 
variance of ring density (George et al., 2015). 

Wood quality is also influenced by ecological parameters and forest management 
decisions (Jaakkola et al., 2006). Pamerleau-Couture et al. (2019) found differences 
in wood properties dependent on stand structure and forest practices, e.g., partial 
cutting, in the boreal forest (Montoro Girona et al., 2016). 


12.2.4 Anomalies in Xylem Structure 


In boreal climates, abnormally low temperatures may damage the tissues surrounding 
the cambium, disrupting cell division and differentiation; this damage can manifest 
itself as deformed and collapsed tracheid or traumatic parenchyma cells. When frost 
events occur in the middle or at the end of the growing season, before the ending of 
lignification, incompletely lignified earlywood or latewood tracheids are formed to 
produce what is termed light rings or frost rings (Gindl et al., 2000). Anomalies in 
xylem structure also appear when trees are subjected to high spring and early summer 
temperatures when the latewood-like cells in earlywood are formed. Moreover, rain- 
fall following drought periods may stimulate the formation of early wood-like cells in 
the latewood ring zone. These xylem anomalies are classified as intra-annual density 
fluctuations (IADF) and can be formed in both temperate and boreal species (George 
et al., 2019; Klisz et al., 2019). 

Although the main drivers of anomalies in xylem structure are extreme climatic 
events, there is evidence that the predisposition of trees to the formation of IADF, 
frost rings, and light rings is, to some extent, genetically controlled and can lead to 
the adaptation or maladaptation of genotypes to drought and frost (Battipaglia et al., 
2016; Birgas & Colombo, 2001). Moreover, intraspecific variation in growth reaction 
to climatic anomalies has been demonstrated for several gymnosperms growing in 
boreal and temperate climates, e.g., lodgepole pine (Pinus contorta Dougl. ex Loud.), 
Douglas fir, European larch (Larix decidua Mill.), silver fir, and Norway spruce 
(George et al., 2019; Klisz et al., 2016; Montwé et al., 2018). For example, boreal 
provenances of Douglas fir originating from cold-climate areas in Canada had lower 
IADF frequencies in latewood than temperate provenances when trees had been 
growing in a warm and dry common garden where drought occurred more frequently 
(George et al., 2019). This pattern for IADF strongly suggests that the formation of 
IADF has a genetic origin and results from a long-term adaptation of provenances 
to different climatic conditions. Assessment of IADF in regard to adaptive forest 
management will probably become more critical in the future, as boreal species are 
vulnerable to frequent drought periods (Isaac-Renton & Montwé 2018). 
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From the assumption that genetic and environmental components control xylo- 
genesis, we can conclude that abnormal xylem structures, namely frost and light 
rings, result from gene expression under extreme climatic events. Confirmation of 
this hypothesis involved studies of the cold adaptation in 20 lodgepole pine prove- 
nances growing in a common garden located in southern interior British Columbia, 
Canada (Montwé et al., 2018). Provenances adapted to colder environments with 
larger temperature amplitudes and shorter growing seasons show less susceptibility 
to frost damage preceding meristem activity; however, they are more susceptible to 
frost damage at the beginning of the growing season (Fig. 12.2). In general, a strong 
geographic cline for frost damage and incompletely lignified tracheids is noticeable, 
suggesting the importance of considering cold adaptation when long-distance seed 
transfer is introduced to minimize risks in assisted migration (Bansal, 2015). 

From a functional point of view, IADF is a consequence of an adaptive strategy 
to maximize water-use efficiency (earlywood-like cells) or avoid hydraulic failure 
(latewood-like cells) (Pacheco et al., 2016). Considering the evidence of genetic vari- 
ations in the morphofunctional adaptation of xylem structure manifested in IADF 
(George et al., 2019; Klisz et al., 2016, 2019), there are solid premises for incor- 
porating xylem functional traits into assisted migration strategies. Studies on tree 
species from cold (Norway spruce) or alpine climates (European larch) note a clear 
geographical trend in IADF formation, which may be even more noticeable in the 
northern regions under boreal climate conditions (Fig. 12.3a-d). A general latitu- 
dinal trend is evident for Norway spruce in the frequency of earlywood-like (IADF 
E) and latewood-like (IADF L) cell structures, with more frequent IADF L in the 
southern part of the transect than in the north and an opposite trend for IADF E 
(Fig. 12.3c, d). This observed gradient confirms the abovementioned findings for 
the non-native Douglas fir, where boreal provenances had a lower IADF L frequen- 
cies compared with warmer provenances from more southern regions (George et al., 
2019; Fig. 12.3e, f). A similar pattern can be observed for European larch, although 
in this case, the incomplete representation of the species distribution prompts greater 
caution when drawing general conclusions (Fig. 12.3a, b). 

Furthermore, a higher frequency of IADF types testifies to a more pronounced 
genetic determination of IADF frequency, which can be clearly seen in Norway 
spruce and European larch growing under marginal conditions (Klisz et al., 2016, 
2019); however, this is almost imperceptible under conditions close to the optimal 
species requirements (George et al., 2019). Given that few observations of geograph- 
ical clines in IADF formation are available, the variation between populations 
increases as a function of the south-to-north dimension of the species occur- 
rence. Nevertheless, this hypothesis requires thorough testing under boreal climate 
conditions through multienvironmental provenance trials. 
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Fig. 12.2 Blue- and frost-ring intensities by provenance. Blue-rings a frost-rings position 1 (first 
cells of earlywood indicative of fall frost damage), b frost-rings position 2 (later in the earlywood 
indicative of spring frost damage), c the distribution and medians of light-ring and frost-ring intensi- 
ties, where provenances are sorted by the mean annual temperature of their source climate (warmest 
to the left, n = 117). Provenances are colored according to their region (United States and regions 
of British Columbia, Canada) and labeled by identification number. (Column right side) d Location 
of provenances and regions as well as the range of lodgepole pine (dark gray shading) and the 
location of test sites sampled in this study (black triangles); e the difference of the provenance 
source climate to the average climate of the test sites indicates the degree and direction of climate 
transfers. Modified from Montwé et al. (2018), CC BY license 
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Fig. 12.3 Within-species variation in intra-annual density fluctuations (IADF) for three boreal 
conifers: a, b European larch (Larix decidua) c, d Norway spruce (Picea abies), and e, f Douglas 
fir (Pseudotsuga. menziesii). The left panels (a, c, e) display earlywood IADF, and the right panels 
(b. d, f) show latewood IADF. The bottom panels present overall IADF frequencies (earlywood + 
latewood) per trial site for g European larch and h Norway spruce. Douglas fir data were obtained 
from a provenance trial in eastern Austria (Traismauer); therefore, no trial site is shown ine and f. The 
illustrated data were compiled from two different data sets. Data set 1 is from George et al. (2019), 
Federal Research and Training Centre for Forests (BFW), Vienna, Austria. Data set 2 is from the 
Forest Research Institute (IBL), Poland. Black symbols show the trial sites (triangles: IBL; squares: 
BFW). Red and blue circles indicate the mean IADF frequency for each analyzed provenance. 
Data from the Austrian trial sites were reanalyzed to provide stabilized IADF frequencies for 
comparability, following Osborn et al. (1997). Boxplots show the combined IADF frequencies per 
trial site (earlywood 4- latewood) for each species. We kindly acknowledge the help of Michael 
Grabner, Konrad Mayr, and Filipe Campelo for IADF detection in the Austrian data. Modified 
from Klisz et al., (2016, 2019) CC-BY license and with permission from Elsevier, respectively, and 
George et al. (2019), CC-BY license 
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12.2.5 Phenology: The Case of Boreal Black Spruce 


In boreal climates, most physiological processes of plants occur during a short lapse 
of time when the temperature is favorable to growth. The activity of meristems 
involves a sequence of multiple stages of development or maturation of primary 
and secondary growth; these stages last from a few days to several months (Perrin 
et al., 2017). The meristems of plants alternate between periods of activity and 
rest, following an annual cycle. The beginning and end of the growing season are 
the key times involving a trade-off between environmental constraints and resource 
availability. They mark the period of the year when resources can be acquired and 
used, reflecting an optimization between frost avoidance and carbon assimilation 
(Allevato et al., 2019). 

Phenology, the study of seasonal biological cycles, results from climatically driven 
gene expression manifested by a specific phenotype (Man & Lu, 2010; Perrin et al., 
2017). As natural selection favors those genotypes better adapted to local conditions, 
specific adaptive traits, which include the timing of growth, develop according to the 
gradual changes occurring with latitude (Morgenstern, 1969). 

The reactivation of primary growth is well known and studied in black spruce 
both in natural stands and common garden experiments (Fig. 12.4); this trait varies 
among populations with latitude (Blum, 1988). Having a broad geographic distribu- 
tion, boreal tree species show substantial phenotypic variations at a regional scale 
in response to variations in climatic factors (Andalo et al., 2005); this response 
arises from a combination of phenotypic plasticity and genetic variation. In common 
garden experiments, black and white spruce originating from higher latitudes have 
an earlier bud break (Rossi & Isabel, 2017). The earlier growth reactivation observed 
in northern provenances reflects an adaptation to colder environments. It allows the 
meristems to be active early in spring to lengthen the growing season as much as 
possible. Trees from higher latitudes or altitudes require less heat accumulation for 
bud break (Blum, 1988). Buds of boreal species reactivate in late spring (Antonucci 
etal., 2015) when the day length is relatively long, nights are short, and frost events are 
unlikely. At high latitudes, the trees are adapted to colder conditions, and bud devel- 
opment is more rapid than for southern provenances under similar thermal conditions 
(Kórner, 2003). The genotypes originating from colder climates have developed a 
high metabolic activity and strict developmental regime (Kórner, 2012). This evolu- 
tionary strategy maximizes safety. An early and quick growth ensures favorable 
conditions for photosynthesis, especially at higher latitudes where the photoperiod 
changes markedly between the equinoxes compared with the photoperiod at lower 
latitudes (Rossi et al., 2006). 

For evergreen conifers of cold climates, the dates of growth reactivation of 
cambium and buds are closely correlated (Antonucci et al., 2015; Rossi et al., 2009). 
Perrin et al. (2017) observed that black spruce provenances with early bud flush have 
an early reactivation of cambial activity and xylem cell differentiation. Similar trends 
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Fig. 12.4 Spring reactivation of the primary meristem represented by bud break dates (day of the 
year, DOY) across boreal black spruce stands in Québec, Canada. Reproduced from Khare et al. 
(2019), CC BY license 
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are reported for the end of the growing season. These results diverge for Norway 
spruce, where xylem phenology among provenances does not differ (Kalliokoski 
et al., 2012). 

Both environmental and genetic factors affect cambium phenology (Fukatsu & 
Nakada, 2018), although with different contributions (Perrin et al., 2017). The envi- 
ronmentis more critical for spring events, whereas autumnal events and dormancy are 
controlled mainly by genes (Cooke et al., 2012). Moreover, genetics most control 
the timing of the final enlarging and wall-thickening of cells. Perrin et al. (2017) 
observed that provenance, family, and individual tree explained a high proportion 
of the variability in cambial phenology during the summer and autumn, which indi- 
cated that endogenous factors are strongly involved in growth cessation. In conifers, 
growth cessation is genetically predetermined, and environmental effects on this 
phenological event are marginal (Cooke et al., 2012). 

Differences in bud set among provenances mirror the dynamics of bud break 
(Johnsen & Seiler, 1996). The provenances classified as early spring also complete 
their growth early, resulting in a similar growing season duration (Silvestro et al., 
2019). Xylem cell production in black spruce is mainly affected by growing season 
length (Rossi et al., 2014). Thus, no difference in annual tree-ring growth occurs 
among black spruce provenances growing in a common garden. All trees produce 
the same amount of xylem, regardless of their respective timing of flushing. 

The variation in bud phenology within black spruce provenances is also relevant 
(Perrin et al., 2017; Rossi & Bousquet, 2014; Silvestro etal., 2019). A wide variability 
within populations is confirmed in other boreal species, such as silver birch (Rousi & 
Heinonen, 2007), Scots pine (Hurme et al., 1997), and Douglas fir (Li & Adams, 
1993). Each local population is constituted by genetically heterogeneous individuals 
showing both earlier and later phenology. This heterogeneity allows a part of the 
population to endure unexpected, unfavorable climatic events, thereby ensuring the 
survival of some individuals under changing environmental conditions (Hurme et al., 
1997). Such a reservoir of genetic variation within populations is highly valuable 
for the adaptive capacity of local populations. The richness in genetic variation 
ensures that populations evolve in the next generations according to changes in the 
environmental conditions that might exceed the limits of physiological plasticity. 


12.3 Applications and Perspectives 


Functional traits act as templates through which the basic components of a plant's 
life history (e.g., growth, reproduction, and survival) operate. Hence, functional 
traits have attracted much attention for understanding the mechanisms governing 
plant community assembly (HilleRisLambers et al., 2012), the interactions between 
trait variation and environmental conditions (Matías et al., 2018; Wainwright et al., 
2019), and how inter- and intraspecific variation in functional traits connect with 
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those mechanisms maintaining biodiversity (Chesson, 2000, 2012). Such an under- 
standing is crucial for formulating strategies for adapting forests and associated plant 
communities to climate change (Pérez-Ramos et al., 2012). 


12.3.1 Climate Adaptation 


Decades of scientific research have provided convincing evidence of observed and 
likely impacts of human-induced climate change on forest systems. In Europe, the 
effects of climate warming on forests include changes in forest productivity (Reyer 
et al., 2014), tree species distribution, and the economic value of forests (Dyderski 
et al., 2018; Hanewinkel et al., 2013), as well as intensified disturbance regimes 
(Seidl et al., 2017) and droughts. 

Over the millennia, the boreal forest has adapted to short growing seasons, low 
summer temperatures, and a limited nitrogen supply (Kellomäki & Väisänen, 1997; 
Mäkipää et al., 1999). Warmer temperatures and increases in nitrogen supply could 
potentially lead to greater forest growth and productivity in the northern boreal 
regions, whereas the higher requirements for water in the southern boreal regions 
may limit such a productivity increase (Bricefio-Elizondo et al., 2006; Peng et al., 
2011). Moreover, a warmer climate and longer growing period combined with water 
stress should promote the propagation of insects and other parasites (Wermelinger, 
2004). These factors will likely produce novel conditions to which the tree species and 
populations are poorly adapted. Current forest management must incorporate adap- 
tive strategies that aim to reduce forest vulnerability and enhance forest resistance 
and resilience (Bolte et al., 2009). 

Adaptation is an adjustment of natural or human systems as a response to actual 
or expected climate changes or their effects. Adaptive capacity is the ability of the 
system to adjust to novel conditions, take advantage of opportunities, or respond 
to consequences. Adaptation can be classified as either autonomous or planned 
(Schoene & Bernier, 2012). Autonomous adaptations are usually reactive and rely 
on existing knowledge and technology to respond to changing climate conditions, 
whereas planned adaptations are anticipatory responses aiming to alter the adaptive 
capacity of forests (Schoene & Bernier, 2012). 

A portfolio of different adaptive management strategies has been discussed at 
the stand level. These strategies include (1) the conservation of forest structures, (2) 
active adaptation, and (3) passive adaptation (Bolte et al., 2009; Schoene & Bernier, 
2012). The conservation of forest structures aims to maintain the current structural 
and compositional status of forests. This strategy is believed to increase the vulner- 
ability of the forests to catastrophic disturbance events (Harris et al., 2006; Jandl 
et al., 2019) but may enable the manager to attain the original management targets. 
Active adaptation refers to the use of silvicultural measures to alter stand struc- 
tures and composition to increase the adaptability of the forests to climate change. 
Such measures may include adjusting the rotating period, changing species compo- 
sition, and using adapted provenances (Kellomäki et al., 2008). Passive adaptation 
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uses spontaneous adaptation processes in natural succession and species migration 
(Aitken & Bemmels, 2015). Other adaptive measures have received much atten- 
tion in recent years and are currently subjects of intense debate; they include assisted 
migration (Marris, 2008) and assisted gene flow (Aitken & Whitlock, 2013). Whereas 
assisted migration aims to facilitate the colonization of forest tree species within new 
habitats having a suitable climate, assisted gene flow aims to manage the translo- 
cation of individuals within the current species range to facilitate a rapid adapta- 
tion to climate change and improve the long-term prospects of trees and related 
communities. 

For the boreal forest, there exists a variety of adaptive management strategies, 
such as promoting species mixtures, reducing the rotation length of current stands, 
planting alternative genotypes or new species in anticipation of future climate, mini- 
mizing the fragmentation of habitat, and maintaining connectivity (Gauthier et al., 
2014). In particular, the boreal forest is currently experiencing new disturbance 
regimes, including stand-replacing fires and the outbreak of herbivorous insects, 
e.g., the mountain pine beetle (Dendroctonus ponderosae Hopkins) and the spruce 
bark beetle (Dendroctonus rufipennis Kirby) (Bernier et al., 2016). The conversion 
of vulnerable stands from coniferous to mixed stands (with broadleaf species) has 
been suggested as a major adaptive management option to respond to such distur- 
bance agents (Astrup et al., 2018). Forest management solutions focused only on 
wood volume and productivity risk failure in a rapidly changing climate because 
they ignore the trade-offs between productivity and traits such as cold tolerance and 
drought tolerance. Therefore, forest managers should resort to diverse strategies of 
adaptive management accounting for diverse functional traits and their trade-offs 
(Park et al., 2014). 

Itis increasingly understood that climate change adaptation is intricately related to 
forest sustainability and the principles found within the Montreal Process (Ogden & 
Innes, 2007) and now the global sustainability goals (Hazarika & Jandl, 2019). 
Effective adaptation of the forest management system will revolve around including 
risk management in planning processes, selecting robust and diversified adaptation 
actions, and adopting an adaptive management framework. Monitoring is always 
regarded as an action that is central to implementing adaptive forest management 
(Gauthier et al., 2014). 


12.3.2. Assisted Migration 


Forest tree populations are likely to respond to climate change in three possible ways: 
(1) they migrate to track their ecological niche; (2) they adapt to the new condi- 
tions in their current locations; and (3) they go locally extinct (Aitken et al., 2008). 
The evidence suggests that tree species have undergone range shifts, migration, and 
extinction during past glacial and postglacial periods. Such changes continue today 
with the warming-related poleward and altitudinal migration of tree species and 
populations (Dyderski et al., 2018). 
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Natural migration over long distances is a slow process and often requires several 
generations and centuries for long-lived trees. Migration rates during the postglacial 
age are estimated at 100—500 m - y^! (Williams & Dumroese, 2013). Ongoing climate 
change is expected to occur at a much faster rate, requiring tree populations to 
migrate faster than tree migration during the glacial period to remain within the 
species' environmental envelope. According to Tchebakova et al. (2006), some boreal 
populations of Scots pine would need to move 700-1,500 km north to track the climate 
projections for 2100. Geographic barriers and habitat fragmentation pose additional 
challenges to the intrinsic ability of trees to migrate, making some species vulnerable 
to extinction (Sáenz-Romero et al., 2012). 

Forest trees have evolved at the species and population levels to adapt to the 
local environment in which they grow (Aitken & Whitlock, 2013; Kreyling et al., 
2014). Such local adaptations lead to genetically diverse populations, with traits that 
enable these taxa to adapt to their local environment's biotic and abiotic factors (e.g., 
growing season and outbreaks of fire and insects). Examples of such adaptive traits 
include the timing and rate of growth, resistance to frost damage or drought stress, 
masting patterns, and dispersal distances and timings. Climate change will disrupt 
the link between climate and the local adaptation of forest tree populations, thereby 
creating physiological stresses that can lead to mismatches between the population 
and climate, known as the adaptation lag (Aitken & Whitlock, 2013). Thus, climate 
change will produce novel conditions to which the tree populations may not adapt. 
Phenotypic plasticity or the ability of the plant to respond to environmental change 
may mitigate the impacts of this decoupling to a certain extent, although it may be 
ineffective in cases of stress induced by extreme environmental events (Mátyás et al., 
2010; Neuner et al., 2015). 

Because of the limited migration and slow adaptation rate of trees, human- 
facilitated realignment will be required to match populations to the environment 
to which the trees are adapted (Aitken et al., 2008; Pedlar et al., 2012; Williams & 
Dumroese, 2013). Such facilitated movement is commonly known as assisted migra- 
tion, assisted colonization, assisted relocation, or facilitated migration (Fig. 12.5). 
In particular, assisted population migration (assisted genetic migration or assisted 
gene flow) refers to moving seed sources or populations to new locations within the 
historical species range. Assisted range expansion refers to moving seed sources or 
populations from their current range to suitable areas beyond the historical species 
range, facilitating or simulating a natural dispersal. Assisted species migration (or 
assisted long-distance migration) moves seed sources or populations to a location far 
beyond the historical species range, beyond the natural ability of dispersion of the 
species for crossing natural geographical barriers. 

Researchers and foresters have revisited historical provenance trials of forest 
tree species to understand intraspecific variations in climate adaptation and to plan 
assisted migration worldwide. Such experiments involve planting different species 
populations in a common environment, acting as a space-for-time substitute to study 
climate change (Kapeller et al., 2013; Leites et al., 2012). Several studies based on 
such provenance experiments conclude that tree populations often grow in suboptimal 
conditions; thus, a facilitated movement of such populations may be desirable to 
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ensure their fitness under a changing climate (Chakraborty et al., 2016; Isaac-Renton 
et al., 2014; Rehfeldt et al., 2014; Wang et al., 2006). For example, whitebark pine 
(Pinus albicaulis) experiences better growth and germination when moved 800 km to 
the north of its current range, where seed sources from Oregon and Washington states 
performed well in locations in northwestern British Columbia (McLane & Aitken, 
2012). Assisted migration is already incorporated into forest management policy 
in some countries, including Canada (Marris, 2009). A system similar to assisted 
migration, known as predictive provenance, is being used in the United Kingdom. 
This approach aims to match the current seed sources of native and non-native tree 
species to predicted climate in the future (Whittet et al., 2016). 

Assisted migration does not necessarily need to be implemented widely. It should 
depend on a variety of criteria, such as the vulnerability of the native tree population, 
the provided ecosystem services, the current risks to stands, and the overall manage- 
ment goal of the landowner. A clear management strategy should be the first step 
for evaluating the need for assisted migration (Aitken & Bemmels, 2015). Assisted 
migration raises legal concerns about the trade and utilization of forest reproduc- 
tive material. Seed and reproductive material for reforestation, traditionally sourced 
locally, may need to be adapted under climate change. However, legislation at the 
local and national levels may pose obstacles to such a transfer of plant material. In 
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some cases, the concept of assisted migration may lead to conflicts with conservation 
principles because of the likelihood of the increased use of non-native species and 
ecotypes, which may be potentially invasive (Aitken et al., 2008). The uncertainty in 
climate predictions over the century is another issue for assisted migration. Assisted 
migration may be more expensive than traditional regeneration practices, especially 
under conditions where natural regeneration is commonly practiced. Despite the 
uncertainties and challenges, it is often pertinent to evaluate the outcomes of inac- 
tion as a management option. There is no concrete evidence to believe that inac- 
tion would reduce the vulnerability of current tree populations to climate change. 
Although novel climates also can reveal the adaptive potential of populations, such 
adaptive variations will require time. However, if climate change causes the current 
forest populations to die or become too weak to produce healthy seeds, it might be 
impossible or unaffordable to assist their migration in the future. 


12.4 Conclusions: The Importance of Ecotypes Under 
a Changing Environment 


Climatic influences can modify many anatomical and chemical wood properties. 
Extreme events, such as droughts, heat waves, storms, late frosts, and flooding, 
substantially affect the metabolism of trees and lead to irreversible responses in 
wood formation in both its morphological and chemical structure (Bráuning et al., 
2016; Grabner & Wimmer, 2006). It is difficult to determine the threshold for the 
triggering of certain modifications in wood anatomy or wood structure in relation 
to the occurrence of an extreme climatic event. Many stress factors induce complex 
responses, meaning that the measured effect has an unknown relationship with the 
stimulus; for example, storms may cause mechanical damage or bending in trees, 
inducing the formation of reaction wood or traumatic resin ducts. However, the 
susceptibility of trees to such events depends not only on the magnitude and frequency 
of these events but also on tree size, tree mechanical strength, and tree position within 
a stand. 

The forest industry must become aware of the climatic influences on forest devel- 
opment and the related consequences on wood quality. The frequency and intensity 
of extreme climatic events are expected to increase (Salinger, 2005; Schär et al., 
2004). In the worst-case scenario, the decline in wood quality because of extreme 
events may be so severe that it constrains the wood industry to find new provenances 
for their resources, replace wood by nonwood or nonsustainable raw materials, or 
develop new wood processing technologies. 

Over the twenty-first century, the boreal forest will experience the greatest 
increases in temperature among all forest biomes worldwide. Projected tempera- 
ture increases range between 4 and 11 ?C, accompanied by a much less pronounced 
increase in precipitation; the combination represents a major threat to the health 
of this ecosystem (Gauthier et al., 2015). These changes will not only modify the 
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disturbance regime but also increase drought stress and drought-related mortality 
(Gauthier et al., 2015; Peng et al., 2011). 

A strong influence of climate (drought) on earlywood density (besides mean ring 
density) can be seen by studying the influence of pointer years, such as drought 
years (Grabner et al., 2010). The microdensity profiles of Norway spruce trees 
grown in a dry region of Austria showed a slightly increasing trend of earlywood 
density. During drought periods (1992-1995, 2000-2003), these trees experienced 
an increased earlywood density (Grabner et al., 2010), a dramatically reduced ring 
width, and an increased mean ring density because of higher latewood percentages. 

Climate change alters forest productivity through CO, fertilization and the length- 
ening of the growing season. In the boreal environment, these changes lead to the 
northward migration of the tree line and an increased tree and shrub cover (IPCC, 
2019). Likewise, a significant increase in the annual growth of boreal forests in 
Finland has been found (Kauppi et al., 2014). However, Girardin et al. (2016) found 
no consistent growth response over 60 years in boreal forests across Canada. In high- 
latitude regions, warming will also increase drought, wildfire, and insect outbreaks 
(IPCC, 2019). Because of these environmental changes, foresters will need to develop 
new management strategies, and the wood industry may struggle to secure a resource 
that meets process requirements and market demands. Genetic improvement of wood- 
quality traits by selecting suitable tree provenances represents one option to alleviate 
the possible decrease in wood quality. 
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Abstract Uncertainty surrounding global change impacts on future forest condi- 
tions has motivated the development of silviculture strategies and frameworks 
focused on enhancing potential adaptation to changing climate and disturbance 
regimes. This includes applying current silvicultural practices, such as thinning 
and mixed-species and multicohort systems, and novel experimental approaches, 
including the deployment of future-adapted species and genotypes, to make forests 
more resilient to future changes. In this chapter, we summarize the general paradigms 
and approaches associated with adaptation silviculture along a gradient of strategies 
ranging from resistance to transition. We describe how these concepts have been oper- 
ationalized and present potential landscape-scale frameworks for allocating different 
adaptation intensities as part of functionally complex networks in the face of climate 
change. 
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13.1 Introduction 


Silvicultural systems have long been intended to represent a working hypothesis 
adapted over time to address unanticipated changes in treatment outcomes or the 
impacts of exogenous factors, including natural disturbances and changing market 
conditions and objectives (Smith, 1962). Nevertheless, silvicultural approaches have 
assumed a general level of predictability in outcomes, with risks avoided or mini- 
mized through a top-down control of ecosystem attributes and properties, such as 
dominant tree species and genotypes, stand densities, soil fertility, and age structures 
(Palik et al., 2020; Puettmann et al., 2009). The increasing departure of environmental 
conditions from those under which many of these silvicultural practices and systems 
were developed has led to an explicit need for adaptive silvicultural approaches that 
account for future uncertainty and novelty in forests around the globe (Millar et al., 
2007; Puettmann, 2011). 

This chapter summarizes the general frameworks and approaches for developing 
silvicultural strategies that confer adaptation to forest ecosystems in the face of 
novel dynamics, including changes in disturbance and climate regimes and the 
proliferation of nonnative species. Experience with adaptation silviculture is in its 
infancy compared with traditional applications. Therefore, our focus is primarily on 
early outcomes of operational-scale experiments and demonstrations and landscape- 
and regional-scale simulations of long-term dynamics under adaptive silvicultural 
approaches. Our goal is to introduce new conceptual frameworks for adaptive silvi- 
culture as context for the chapters in Sect. 13.5 of this book. Although the discussion 
is focused on temperate and boreal ecosystems in North America and Europe, the 
conceptual frameworks are appropriate for many different forest ecosystems around 
the globe. Subsequent chapters provide more detail on specific facets of managing for 
adaptation in boreal ecosystems, including the role of plantation silviculture and tree 
improvement (Chap. 14), management for mixed species and structurally complex 
conditions (Chap. 15), and large-scale experiments inspired by natural disturbance 
emulation (Chap. 16). 
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13.1.1 Silvicultural Challenges in the Face of Climate 
Change 


Historically, silvicultural approaches and practices have reflected changing economic 
and social conditions (Puettmann et al., 2009). In contrast, ecological conditions have 
been sufficiently constant that foresters did not see the need to alter silvicultural 
approaches to accommodate changing ecological conditions. As a result, climate 
change enhances existing challenges and adds novel complexities to silviculture, 
given the limited experience of managing forests in a rapidly changing environ- 
ment (Table 13.1). From a forest management perspective, the overarching challenge 
for addressing global change is to deal with trends and the uncertainty of future 
climate and disturbance regimes and the associated ecosystem dynamics and soci- 
etal demands (Puettmann, 2011). In this context, selected aspects of climate change 
are being predicted rather consistently, e.g., the general increase in temperature and 
growing season length in boreal forests. Other aspects of climate change provide 
additional challenges of high uncertainty, including the magnitude of temperature 
increases among regions. Even more challenging are predictions of, for example, 
contrasting and variable precipitation patterns (Alotaibi et al., 2018). 

The degree of certainty of future conditions influences the ability to prepare and 
minimize negative impacts (Meyers & Bull, 2002; Puettmann & Messier, 2020). 
Silvicultural practices directly aimed at accommodating temperature increases, for 
example, can be implemented relatively easily (Chmura et al., 2011; Hemery, 2008; 
Park et al., 2014), for instance favoring species or genotypes adapted to the projected 


Table 13.1 Categories of silvicultural challenges with examples, confidence in current predictions, 
and conceptual basis from the ecological literature for respective silvicultural practices 


Challenge Example Confidence | Conceptual basis 
Changing growing Increased temperature, | High Tree and stand vigor 
conditions longer growing season (Camarero et al., 2018), 
niche theory (Wiens et al., 
2009) 
Uncertainty of predicted | Changes in the Low Insurance hypothesis 
trends seasonality of (Yachi & Loreau, 1999) 
precipitation 
Unpredicted events Changing population Low Insurance hypothesis 
dynamics of existing 
insect or fungal species 
Scale mismatch—long Time needed to change | High Niche dynamics (Brokaw 
term stand structure or & Busing, 2000) 
species mixtures 
Scale mismatch—short | Species or provenances | High Niche dynamics 
term selected to fit in future 
climates cannot grow 
under current climate 
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temperatures. In contrast, foresters have less confidence when selecting specific silvi- 
cultural practices to accommodate novel disturbance regimes or an altered seasonality 
of precipitation patterns. In such cases, multiple practices may be promising, but the 
specific selections can only be viewed as bet hedging (sensu Meyers & Bull, 2002), 
which is based conceptually on the insurance hypothesis (Yachi & Loreau, 1999). 

Another challenge arises through a temporal-scale mismatch. Forests are slow to 
respond to many silvicultural manipulations, e.g., conversion from single to multiple 
canopy layers will likely take several decades. Thus, managing for changing condi- 
tions requires a certain lead time (Biggs et al., 2009), an unlikely scenario with the 
immediacy of future climate and other global changes. At the same time, managing 
for future climate conditions can result in short-term incompatibilities or mismatches 
that may generate near-term undesirable outcomes in regard to ecosystem produc- 
tivity and structure (Wilhelmi et al., 2017) and lead to failures (e.g., regeneration) 
that may be viewed as too risky in reforestation activities. 

Natural disturbances are crucial elements to consider in any silvicultural planning 
because of their substantial economic and ecological implications and potentially 
significant impact on forest productivity, carbon sequestration, and timber supplies 
(Flint et al., 2009; Kurz et al., 2008; Seidl et al., 2014). Climate change predictions 
indicate that the effects on boreal ecosystems will be profound, and natural distur- 
bance cycles (e.g., fire, insect outbreaks, and windthrow) will generally increase in 
frequency and severity (Seidl et al., 2017). These projections introduce a potentially 
massive new challenge to silvicultural planning. For example, the first evidence of 
the northward movement of spruce budworm (Choristoneura fumiferana) outbreaks 
has recently been reported combined with an increase in the frequency and level of 
damage during the last century; these findings indicated climate change to be the 
main cause of the altered spatiotemporal patterns of spruce budworm outbreaks in 
eastern Canadian boreal forests (Navarro et al., 2018). Climate change is expected 
to expand the range of natural disturbance variability in forest ecosystems beyond 
those under which past strategies, including ecosystem-based management (Chris- 
tensen et al., 1996), have been developed. Thus, a better understanding of how forest 
landscapes will respond to alterations in natural disturbances is needed to mitigate 
negative effects and adapt boreal forest management strategies to projections of 
climate change. 

Vulnerability assessments of ecosystem attributes that quantify sensitivity to 
projected climate changes and the adaptive capacity to respond to these and distur- 
bance impacts (Mumby et al., 2014) have become a common strategy for addressing 
uncertainty. These assessments are also used to guide where adaptive silviculture 
may have the greatest benefit for meeting long-term management goals (Gauthier 
etal., 2014). In practical terms, the vulnerability of a forest type is based on the degree 
of climate and disturbance impacts expected in a region and the ability of the forest 
to respond to those impacts without a major change in forest conditions in terms of 
structure and function (Janowiak et al., 2014). Just as with actual climate change, 
vulnerability can vary regionally stemming from differences in biophysical settings 
within the stand because of variable tree-level conditions (e.g., resource availability 
and tree species, size, and age) and temporally owing to ontogenetic shifts in tree- 
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and stand-level conditions (Daly et al., 2010; Frey et al., 2016; Nitschke & Innes, 
2008). Therefore, adaptation strategies must be tailored to regional and within-stand 
vulnerabilities and be flexible to account for changing vulnerabilities over time. 
For example, adaptation strategies applied to ecosystems having a low vulnerability 
may resemble current management practices and be designed to maintain current 
forest conditions and refugia (Thorne et al., 2020). In contrast, strategies applied to 
highly vulnerable ecosystems, such as those in boreal regions where natural migra- 
tion is expected to be outpaced by climate change and disturbance impacts (Aubin 
et al., 2018), may need to employ deliberate actions to increase adaptive capacity. 
In the latter case, silvicultural strategies may look very different from current prac- 
tices. The following section outlines general adaptation strategies broadly recog- 
nized for addressing climate change. However, their appropriateness for any given 
situation must be informed by regional- and site-level vulnerability assessments and 
overall management goals. The remaining sections present outcomes of adaptation 
approaches specific to temperate and boreal forests. 


13.2 General Adaptation Strategies 


Generally, active adaptation practices are categorized into resistance, resilience, and 
transition (also referred to as response) strategies (Millar et al., 2007; Table 13.2; 
Fig. 13.1). Note that passive adaptation, while included in Table 13.2, is not discussed 
further in this chapter, given our focus on active management strategies. Nevertheless, 
passive approaches, including reserve designation and protection, remain important 
strategies in the portfolio of options for addressing climate change impacts. Although 
presented as discrete categories, adaptation strategies fall along a continuum, such 
that implementation of an adaptation approach may involve elements of two or three 
categories (Nagel et al., 2017). Moreover, aspects of the tactics and outcomes associ- 
ated with adaptation strategies are often conceptualized within a complex adaptive- 
systems framework (Puettmann & Messier, 2020; Puettmann et al., 2009), with 
structural and functional outcomes and associated multiscale feedbacks created by 
resistance, resilience, and transition strategies serving to confer ecosystem resilience 
(Messier et al., 2019). Thus, reliance on multiple adaptation strategies that bridge or 
reflect more than one category within and across stands is emphasized to generate 
cross-scale functional linkages and dynamics that allow for rapid recovery and 
reassembly following disturbances or extreme climate events (Messier et al., 2019). 

Resistance strategies focus on adaptation tactics designed to maintain the currently 
existing forest conditions on a site (Millar et al., 2007) and can be viewed as an 
expansion of silvicultural practices typically used to maintain and increase tree vigor 
and limit disturbance impacts (Chmura et al., 2011). A litmus test for a resistance 
strategy asks whether the forest is still maintaining development trends in structure 
and composition within observed ranges of variation after exposure to a given stressor 
relative to areas not experiencing these treatments. Many of these tactics focus there- 
fore on reducing the impacts of stressors, e.g., extreme precipitation events, drought, 
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Table 13.2 Climate change adaptation strategies with associated goals, assumptions, and example 
management actions. Adapted from Millar et al. (2007) and Palik et al. (2020) 


Strategy Definition Goal Assumptions Example actions 


Passive No actions Allow a response to 
specific to climate | climate change 
change are taken | without direct 
intervention 


High risk in the Harvest deferral on 
mid- to long term, | areas considered to 
low effort, good have low 

social acceptance | vulnerability in the 
(initially) near term; reserve 
designation, 
particularly in areas 
expected to serve as 
climate refugia 


Resistance | Improve the Maintain relatively 
defense of a forest | unchanged 

to change conditions over 
time 


Low risk in the Density 

near term and management and 
moderate effort, competition control 
high social to increase resource 
acceptance availability to crop 
trees; removal of 
nonnative species; 
reduction of fuel 
loading to minimize 
fire impacts; 
removal of low 
vigor and high-risk 
individuals through 
stand improvement 
treatments 


Resilience | Accommodate Allow some 

some change but | change; encourage a 
remain within the | return to a condition 
natural range of | within the natural 
variability range of variability 


Medium risk in Regeneration 

the midterm and | methods that 
medium effort, encourage and 
good social maintain 
acceptance multicohort and 
mixed-species 
forest conditions 
(selection, irregular 
shelterwood); 
deliberate retention 
and maintenance of 
diverse structural 
attributes and 
functional traits 


(continued) 


and disturbance agents, including fire, insects, and diseases, by manipulating tree- 
and stand-level structure and composition to reduce levels of risk (Swanston et al., 
2016). 

For example, treatments that increase the abundance of hardwood species in 
conifer-dominated boreal systems may be categorized as resistance approaches given 
that they decrease the risk and severity of wildfires (Johnstone et al., 2011) and 
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Table 13.2 (continued) 


Strategy Definition Goal Assumptions Example actions 

Transition | Accommodate Actively facilitate | High risk in the Regeneration 
change, allowing | the shift to a new near term and high | methods focused on 
an adaptive condition to effort, low social | encouraging 
response to new | encourage adaptive | acceptance genotypes and 
conditions responses (initially) species expected to 


be adapted to future 
climate and 
disturbance 
regimes; generation 
of a wide range of 
environmental 
conditions in 
stands, ranging 
from high-resource, 
open areas to 
buffered reserve 
patches; can 
include enrichment 
planting as part of 
multi-aged systems 
or the establishment 
of novel plantations 
representing 
future-adapted 
individuals 


reduce stand vulnerability to insect outbreaks, such as from spruce budworm, that 
target conifer components (Campbell et al., 2008). More generally, the application 
of thinning treatments to increase the available resources for residual trees and thus 
minimize drought and forest health impacts (Bottero et al., 2017; D'Amato et al. 
2013) or fuel reduction treatments to reduce fire severity (Butler et al., 2013) repre- 
sent resistance strategies broadly applicable to many forest systems. Regardless of 
the tactics employed, resistance strategies are generally viewed as limited to being 
near-term solutions but also represent low-risk approaches that are easily understood 
and implemented by foresters. Thus, they may be suitable for a stand close to the 
planned rotation age (Puettmann, 2011). Relying solely on resistance strategies is 
more problematic in the long term given the increasing difficulty and costs expected 
in maintaining current conditions as global change progresses (Elkin et al., 2015), 
particularly in boreal regions where the climate is and will be changing rapidly (Price 
et al., 2013). 

As with resistance strategies, resilience strategies largely emphasize maintaining 
the characteristics of current forest systems; however, the latter differs somewhat by 
maintaining and enhancing ecosystem properties that support recovery. Therefore, 
these strategies allow for larger temporary deviations and thus a broader range of 
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Fig. 13.1 Gradient of adaptation strategies in a northern hardwood forest in New Hampshire, 
United States (center column panels) and red pine forests in northern Minnesota, United States 
(right-hand column panels) ranging from a passive, b resistance, c resilience, to d transition. Left- 
hand column panels represent kriged surfaces associated with tree (>10 cm DBH) locations in 
a | ha portion of treatment units in the northern hardwood forests. The passive strategy repre- 
sents a no-action approach. Resistance strategies represent single-tree selection focused on main- 
taining low-risk individuals in northern hardwood forests (cf. Nolet et al., ) and thinning treat- 
ments in red pine forests to increase drought and pest resistance (D' Amato et al., ). For both 
examples, the resilience strategy comprises a single-tree and group selection with patch reserves— 
similar to variable-density thinning, cf. Donoso et al. ( )—to increase spatial and compositional 
complexity (harvest gaps were planted in the red pine forests with future-adapted species found in 
the present ecosystem). The transition strategy represents continuous cover (northern hardwoods) 
or expanding gap (red pine) irregular shelterwoods with the planting of future-adapted species in 
harvest gaps (northern hardwood) or across the entire stand (red pine). Note that the photos in the 
bottom row are focused on the harvest gap portion or irregular shelterwoods. Photo credits Anthony 
W. D'Amato. Kriged surfaces created by Jess Wikle. 
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compositional and structural outcomes, often bounded by the range of natural vari- 
ation for the ecosystem (Landres et al., 1999). A litmus test for a resilience strategy 
is to ask whether the forest conditions return to the ecosystem's existing range of 
conditions (or historical ranges) after stand response to a treatment and exposure 
to a given stressor. In contrast to resistance strategies, which try to minimize devi- 
ation from current or historic conditions and processes, resilience strategies aim to 
increase an ecosystem's ability to recover from disturbances or climate extremes in an 
attempt to return to pre-perturbation levels of different processes (e.g., aboveground 
productivity) and structural and compositional conditions (Gunderson, 2000). 

Ecosystem attributes and conditions identified as conferring resilience include 
vegetation and physical structures surviving disturbance (i.e., biological legacies or 
ecological memory; Johnstone et al., 2016), as well as mixed-species forest condi- 
tions in which there is a high degree of functional redundancy among constituent 
species (Bergeron et al., 1995; Biggs et al., 2020; Messier et al., 2019). Thus, most 
resilience strategies focus on creating two general stand conditions: mixed species 
and a heterogeneous structure. In the case of mixed-species conditions, resilience 
is conferred by including species having a range of functional responses, including 
different recovery mechanisms following climate extremes (e.g., drought tolerance; 
Ruehr et al., 2019) and reproductive strategies following disturbance events (e.g., 
sprouting or seed banking; Rowe, 1983). Approaches that encourage heterogeneous, 
multicohort structures can reduce vulnerabilities given that climate and disturbance 
impacts vary with tree size and age (Bergeron et al., 1995; Olson et al., 2018), and 
the presence of younger age classes provides a mechanism for the rapid replace- 
ment of overstory tree mortality via ingrowth (O'Hara and Ramage, 2013). Many 
of these approaches often build from and resemble ecological silviculture strategies 
developed to emulate outcomes of natural disturbance regimes for a given forest type 
(D'Amato & Palik, 2021). 

Transition strategies represent the largest deviation from traditional silvicultural 
frameworks and are applied under the assumption that future climate conditions 
and prevailing disturbance regimes will become less suitable or even unsuitable 
for current species and existing forest structural conditions, such as the often high 
stocking levels used for timber management in many forest types (Rissman et al., 
2018). A litmus test for a transition strategy asks whether the expected development 
of forest characteristics in response to the treatment will eventually fall outside 
the range of natural variation and accommodate novel conditions. These strategies 
focus therefore on transitioning forests to species and structural conditions that are 
predicted to be able to provide desired ecosystem services under future climate and 
disturbances (Millar et al., 2007). In many cases, transition strategies include the 
deliberate introduction of future-adapted genotypes or species (e.g., Muller et al., 
2019), sometimes through assisted migration, thereby increasing the representation 
of species and functional attributes likely to be favored under future disturbance and 
climate regimes (e.g., Etterson et al., 2020). Correspondingly, transition approaches 
carry the most risk (Wilhelmi et al., 2017); they are often controversial (Neff & 
Larson, 2014), partly because of a lack of site-level guidance for determining the 
appropriate future species and provenances for a given region (Park & Talbot, 2018) 
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and a general uncertainty surrounding how introduced species or genotypes may 
behave at a given site (Whittet et al., 2016; Wilhelmi et al., 2017). 

Central to resilience and transition strategies is recognizing the functional 
responses associated with structural and compositional conditions created by a given 
set of silvicultural activities (Messier et al., 2015). This includes considering the 
response traits of species favored by a given practice, both in terms of their ability to 
persist in the face of changing climate regimes and their ability to respond and recover 
following future disturbances ( Biggs et al., 2020; Elmqvist et al., 2003). Although an 
understanding of certain functional traits, namely shade tolerance, growth rate, and 
reproductive mechanisms, has always guided silvicultural activities (Dean, 2012), 
the novelty of global change impacts requires a broader integration of traits, such as 
migration potential, that emphasizes the mechanisms conferring adaptive potential 
within and across species (Aubin et al., 2016; Yachi & Loreau, 1999). Obtaining and 
summarizing the relevant trait values for many species remain critical challenges in 
many regions. However, the development of indices that rank species on the basis of 
suites of traits associated with key sensitivities and responses, such as regeneration 
modes (e.g., sprouting ability, seed banking) and drought and fire tolerance (e.g., 
Fig. 13.2; Boisvert-Marsh et al., 2020), may prove useful in guiding future species 
selection for a given ecosystem. 


13.3 Examples and Outcomes of Adaptation in Temperate 
and Boreal Ecosystems 


The fast pace of climate change is particularly challenging because of the long lag 
between the evaluation of an adaptation strategy through field observations and the 
ability to recommend and implement the strategy at a broad scale (Biggs et al., 2009, 
2020). As a result, decisions surrounding the regional deployment of adaptation 
strategies are most often based on simulation studies of future landscape dynamics 
under different management regimes and climate conditions (Duveneck & Scheller, 
2015; Dymond et al., 2014; Hof et al., 2017). Numerous studies applying landscape 
simulation and forest planning models (e.g., LANDIS-IT) have demonstrated the 
potential for recommended strategies. For example, the broad-scale deployment of 
mixed-species plantings increased the resilience of biomass stocks and volume flows 
in temperate and boreal systems (Duveneck & Scheller, 2015; Dymond et al., 2014, 
2020). Nevertheless, a key limitation of simulation modeling, as it relates to oper- 
ationalizing any given practice, is the inability to fully capture uncertainties in the 
future social acceptance of an approach (Seidl & Lexer, 2013), including from forest 
managers (Hengst-Ehrhart, 2019; Sousa-Silva et al., 2018). Therefore, it remains 
critical to support these model outcomes with field-based applications that include 
managers and broader societal perspectives. 

As an alternative to model simulations, numerous studies have used dendrochrono- 
logical techniques to retrospectively evaluate the ability of adaptation strategies 
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Fig. 13.2 Groupings of species from eastern Canada having similar sensitivities and responses to 
drought (left blue column), migration (center green column), and fire (right brown column) on the 
basis of functional traits. Average tolerance and sensitivity are denoted by blue (tolerance) and red 
(sensitivity) symbols; larger symbols indicate more extreme values. A lack of a symbol indicates 
intermediate values or the lack of a clear trend. Modified from Boisvert-Marsh et al. (2020), CC 
BY license 


to confer resilience to stressors and climate extremes (e.g., severe drought). This 
research approach has confirmed the utility of commonly applied silvicultural treat- 
ments, such as thinning for density management (Bottero et al., 2017; D'Amato 
et al. 2013; Sohn et al., 2016) and mixed-species management (Bauhus et al., 2017; 
Drobyshev et al., 2013; Metz et al., 2016; Vitali et al., 2018) at promoting resis- 
tance and resilience to past drought events and insect outbreaks. Additionally, retro- 
spective work examining the drought sensitivity of white spruce (Picea glauca) 
within common garden experiments in Québec, Canada, demonstrated the poten- 
tial for deploying planting stock from drier locales to enhance the resilience to 
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drought in boreal systems (Depardieu et al., 2020). These studies have collectively 
affirmed potential strategies suggested for addressing global change (Park et al., 
2014). However, such studies are limited in their ability to address novel, future 
climate and socioecological conditions that have no historical analog. 

Over the past decades, there has been a proliferation of adaptation silviculture 
experiments and demonstrations in North America to address the need for forward 
thinking, field-based adaptation silviculture. These studies follow from the legacy of 
numerous, large-scale, operational ecological silviculture experiments established in 
boreal and temperate regions during the 1990s and 2000s (e.g., Brais et al., 2004; 
Hyvárinen et al., 2005; Seymour et al., 2006; Spence & Volney, 1999). The greatest 
concentration of these studies has been in the Great Lakes and northeastern regions 
of the United States largely through the efforts of the Climate Change Response 
Framework (Fig. 13.3; Janowiak et al., 2014). 

Syntheses of the applied adaptation strategies in a subset of demonstrations in 
this network underscore the influence of current forest conditions and prevailing 
management objectives on how climate adaptation is currently integrated into silvi- 
cultural prescriptions (Ontl et al., 2018). For example, in northern temperate and 
boreal regions of the network where intensive, historical land use has generated rela- 
tively homogeneous forest conditions (Schulte et al., 2007), adaptation strategies 


ou x 
> P. 
+ SA 
y% $9 E i « e + 
MINNES US e oe > z% + $9 
* A *- + e 
Là Secole een N $9: MAINE 
* p * : gres Pont ^e 
+ + MIC'SAN : / e Sun 
Là e e NEW YORK HAMPSHIRE 
= $ +, ces ARAS setts 
it LAS wy. se 
e 62: 
PENNS @VANL® + 
ILLINOIS INDIANA OHIO * 
+ * S@XVLANE, "J 
M * » + @@ west @ F OE 
MISSOURI VIRGINIA 
N + 
ENTUCK VIRGINIA 
+? o KENTU Y 1 


Fig. 13.3 Silvicultural experiments and demonstration areas evaluating various silvicultural adap- 
tation strategies in the midwestern and northeastern United States as part of the Climate Change 
Response Framework (Janowiak et al., 2014). Since 2009, over 200 adaptation demonstrations have 
been established as part of this network, serving as early examples of how adaptation strategies can 
be operationalized across diverse forest conditions and ownership. Each area is designed with input 
from manager partners (i.e., co-produced) to ensure relevance to local ecological and operational 
contexts. Map obtained with permission from the Northern Institute of Applied Climate Science 
(NIACS) 
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have largely focused on increasing the diversity of canopy-tree species and the struc- 
tural complexity of these forests (Ontl et al., 2018). In contrast, adaptation strategies 
in fire-adapted forests in the temperate region largely focus on the restoration of 
woodland structures and the introduction of prescribed fires (Ontl et al., 2018) to 
counter the long-standing outcomes of fire exclusion, e.g., higher tree densities and 
a greater abundance of mesophytic species (Hanberry et al., 2014). Overall, most 
adaptation strategies used by managers to date are best categorized as resilience 
approaches, highlighting a general reluctance to accept the initial risks and costs of 
more experimental transition strategies, a sentiment reflected in surveys of forest 
managers in other portions of the United States (Scheller & Parajuli, 2018) and 
Europe (Sousa-Silva et al., 2018). 

The above summary highlights that many adaptation strategies will likely build 
off prevailing silvicultural approaches in a region, particularly in the near term. Some 
regions, such as boreal Canada, in which silvicultural systems rely heavily on artificial 
regeneration—either as part of plantation systems or as a supplement to natural 
regeneration—will have much greater capacity to implement resilience and transition 
strategies that rely on artificial regeneration than regions having historically relied 
solely on natural regeneration (Pedlar et al., 2012). Nonetheless for the boreal region 
and other regions, operationalizing novel transition strategies is not only hampered 
by a lack of experience but also by a limited nursery infrastructure and breeding 
programs. These programs would allow for species and genotypic selection to match 
projected climate and disturbance conditions for a given location (cf. O'Neill et al. 
2017) and produce sufficient quantities to influence practices widely. 

In many cases, the trigger for a more widespread application of novel adaptation 
strategies will likely be the realization that forest conditions are rapidly advancing 
toward undesirable thresholds because of changing climate, invasive species, and 
altered disturbance regimes. For instance, a fairly rapid shift toward applying tran- 
sition strategies is underway in the Northern Lake States region in response to the 
threat to native black ash (Fraxinus nigra) wetlands from the introduced emerald 
ash borer (Rissman et al., 2018). The emerald ash borer is moving into the region 
in response to warming winters, and the habitat for native trees able to potentially 
replace black ash is rapidly declining because of climate change. In this example, 
novel enrichment plantings of climate-adapted, non-host species are being used as 
part of silvicultural treatments aimed at diversifying areas currently dominated by 
the host species and thus sustain post-invasion ecosystem functions (D' Amato et al., 
2018). 


13.4 Landscape and Regional Allocation of Adaptation 
Strategies 


In addition to regional variation in the application of stand-scale adaptation strate- 
gies, within-region variation in ownership, management objectives, and the ability 


372 A. W. D' Amato et al. 


to absorb risks associated with experimental adaptation strategies may require 
landscape-level zonation into different intensities of adaptation (Park et al., 2014). 
The landscape is an important scale for adaptation planning because (1) major ecolog- 
ical processes such as metapopulation dynamics, species migration, and many natural 
disturbances occur at this scale; (2) forest habitat loss and fragmentation can only 
be addressed at large spatial scales; and (3) forest planning, including annual allow- 
able harvest calculations, is multifaceted and depends on a variety of premises of 
current and targeted biophysical states as well as land ownership, policy, decision 
mandates, and governance mechanisms operating at the landscape scale. Correspond- 
ingly, the zonation of landscapes and regions into different silvicultural regimes has 
long been advocated as a strategy to achieve a diversity of objectives across owner- 
ships (Seymour & Hunter, 1992; Tappeiner et al., 1986). In terms of application, 
zoning approaches are especially suitable to large areas under single ownership and 
characterized by low population densities (Sarr & Puettmann, 2008), such as for 
many boreal regions. 

In most regions, including the boreal portions of Canada and Europe, zona- 
tion approaches have been motivated by potential incongruities between histor- 
ical, commodity-focused objectives and those focused on broader nontimber objec- 
tives, including the maintenance of native biodiversity and cultural values (Cóté 
et al., 2010; Messier et al., 2009; Naumov et al., 2018). Within the context of 
these often conflicting objectives, the TRIAD zonation model (Seymour & Hunter, 
1992), has been popularized in parts of boreal Canada as a potential strategy for 
achieving diverse objectives over large landholdings. With this approach, landscapes 
are generally divided into intensive regions, characterized by high-input, production- 
focused silviculture (e.g., plantations), and extensive regions, where less-intensive 
approaches, such as ecological silviculture (sensu Palik et al., 2020), are used to 
attain nontimber objectives (e.g., biodiversity conservation, aesthetics) while also 
providing an opportunity for timber production (Fig. 13.4a). The third component 
of the TRIAD model—unmanaged, ecological reserves—are designated to protect 
unique ecological and cultural resources, enhance landscape connectivity, and serve 
as natural benchmarks to inform ecosystem management practices in extensively 
managed areas (Montigny & MacLean, 2005). 

With its associated varying levels of silvicultural intensity and investment, the 
TRIAD zonation model is a useful construct for considering the opportunities and 
constraints to operationalizing adaptation strategies across large portions ofthe boreal 
forest (Park et al., 2014). For instance, high-input adaptation strategies, such as estab- 
lishing future-adapted plantations, may be restricted to areas where intensive silvi- 
cultural regimes have predominated historically, such as lands proximate to mills. 
For instance, in western Canada, climate-informed reforestation strategies are most 
successful at minimizing drought-related reductions in timber volumes when resis- 
tant species and genotypes are planted proximate to mills and transportation routes, as 
opposed to more extensive planting approaches (Lochhead et al., 2019). In contrast, 
the financial and access constraints of extensively managed areas and the increasing 
risks of severe disturbance impacts (Boucher et al., 2017) argue for the use of a 
portfolio approach in these areas; this portfolio includes lower input resilience and 
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Intensive 
Production 


Fig. 13.4 (top) Forested landscape delineated according to TRIAD zonation (Seymour & Hunter, 
1992), having zones of intensive production (white polygons), ecological reserves (dark green 
polygons), and extensive management in between. Shades of green within the extensive manage- 
ment zone indicate varying application levels of ecological silviculture (based on Palik et al., 
2020). (bottom) Application of strategic, future-adapted planting across management intensities to 
generate functionally complex landscapes (sensu Messier et al., 2019); tree size depicts the level 
of deployed novel planting strategies, with intensive zones serving as central nodes of adaptation. 
Solid lines denote the functional connections between landscape elements, having similar response 
traits in planted species. Dashed lines represent long-term connections developed within unman- 
aged reserves, where no planting has occurred, because of the long-term colonization of the areas 
by future-adapted species planted in other portions of the landscape 


higher input transition strategies that build from ecological silvicultural strategies, 
e.g., natural disturbance-based silvicultural systems, attributed to extensive zones 
under the TRIAD model (D’ Amato & Palik, 2021). A key difference from the histor- 
ical application of ecological silviculture is the integration of the targeted planting 
of future-adapted species—as enrichment plantings in actively managed stands or 
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after natural disturbances—to increase functional diversity over time (Halofsky et al., 
2020). 

The TRIAD approach, as initially conceived, focused mainly on maximizing 
within-zone function to balance regional wood production and biodiversity conser- 
vation goals within a regional landscape (Seymour & Hunter, 1992). The emphasis of 
adaptation silviculture on enhancing potential recovery mechanisms and distributing 
risk has placed greater focus on cross-scale, functional interactions between zones 
when allocating adaptation strategies (Craven et al., 2016; Gómóry et al., 2020; 
Messier et al., 2019). In particular, a critical aspect of adaptation zonation is the 
strategic deployment of approaches, such as mixed-species plantations or enrichment 
plantings, to functionally link forest stands across a landscape (Fig. 13.4b; Aquilué 
et al., 2020; Messier et al., 2019). Guiding these recommendations is a recogni- 
tion of the importance of greater levels of functional complexity at multiple scales 
to generate landscape-level resilience to disturbances and climate change (Messier 
et al., 2019). This includes enhancing levels of functional connectivity across land- 
scape elements to facilitate species migration and recovery from disturbance (Millar 
et al., 2007; Nufiez et al., 2013) and designating central stands or nodes (sensu Craven 
et al., 2016) to serve as regional source populations for future-adapted species and 
key functional traits (Fig. 13.4b). Although still largely conceptual, future assess- 
ments of landscape-level functional connectivity and diversity (Craven et al., 2016) 
may be useful for prioritizing locations where more risk-laden adaptation strategies, 
such as novel species plantings, should occur in a given region (Aquilué et al., 2020). 
Note, however, that the risks associated with these strategies include not only finan- 
cial and production losses due to maladaptation of planted species or genotypes but 
also potential negative impacts on forest-dependent wildlife species. Therefore, it 
becomes increasingly critical to identify strategies that maximize future adaptation 
potential while minimizing negative impacts on the functions and biota associated 
with ecological reserves and other portions of the landscape (cf. Tittler et al., 2015). 


13.5 Conclusions 


The application of silviculture has always assumed a level of uncertainty and risk in 
terms of ecological outcomes and socioeconomic feasibility and acceptability (Palik 
et al., 2020). Despite this uncertainty and risk, traditional silviculture approaches, 
after centuries of implementation, are well supported by long-term experience and 
research in many regions in the world. In contrast, in the context of rapid and novel 
global change, including climate, forest loss, disturbance, and invasive species, there 
is now an urgency to expand silviculture strategies to include high-risk experimental 
approaches, even if they are not well supported by long-term experience and research. 
Moreover, these approaches can still rely on the same framework for addressing 
uncertainty and risk that foresters have always used and understood (Palik et al., 
2020). Given general aversions to risk, most field applications of adaptation strate- 
gies to date have built on past experiences and existing silvicultural practices; these 
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include applying intermediate treatments to build resistance to change and ecolog- 
ical silvicultural practices to increase resilience. Although modeling exercises are 
useful for exploring responses to novel experimental strategies, like assisted migra- 
tion, field experience with these approaches is currently limited, particularly at the 
operational scale. Given these challenges, we identify the following key needs to 
advance adaptation silviculture into widespread practice in forest landscapes: 


e Integration of geospatial databases with disturbance and climate models to 
increase the spatial resolution of regional vulnerability assessments and allow 
a site-level determination of urgency and the appropriateness of adaptation 
strategies 

e Improvement of existing modeling frameworks to better account for novel species 
interactions and potential feedbacks between future socioeconomic and ecological 
dynamics and adaptation practices over time 

e Strategic investment in operational-scale adaptation experiments and demon- 
strations across regions, ecosystems, and site conditions, including high-risk 
strategies 

* Coordination of the abovementioned experiments, trials, and demonstrations to 
allow for rapid information sharing among stakeholders and the adjustment of 
practices in response to observed outcomes and changing environmental dynamics 

e Regional assessments of nursery capacity and novel stock availability in the 
context of adaptation plantings to prioritize investment in the propagation and 
wide distribution of desirable species and genotypes 

e Continued development of trait-based indices to assist with operationalizing 
adaptation strategies focused on enhancing functional complexity across scales 

© Consideration of relevant scales for the provision of ecosystem services to provide 
flexibility when applying adaptation strategies 


Global change and its impacts appear to be greatly outpacing adaptation science, 
and investments in infrastructure must adapt. However, working to prioritize these 
scientific needs and investments, including deploying adaptation strategies in the 
near term that are compatible with current management frameworks, is critical to 
avoid crossing undesirable ecological thresholds. Seeing these rapidly approaching 
thresholds should serve as the primary motivating factor for moving forward with 
widespread adaptation to ensure the long-term sustainable production of goods and 
services. 
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Abstract Successful stand regeneration is one of the keystone elements of sustain- 
able forest management. It ensures that ecosystems submitted to stand-replacing 
disturbances return to a forested state so that they can maintain the provision of wood 
fiber, biodiversity, carbon sequestration, and other ecosystem services. This chapter 
describes how plantation forestry, including tree breeding, and novel tools, such as 
genomic selection, can support the sustainable management of boreal forests in the 
face of climate change by, among other benefits, reducing management pressure on 
natural forests and favoring ecosystem restoration. 
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14.1 Introduction 


Natural disturbances, such as wildfire, insect outbreaks, and windthrow, and anthro- 
pogenic disturbances, such as harvesting, are common in the boreal biome (Brandt 
et al., 2013; Shorohova et al., 2009). These events modify stand structure and affect 
the availability of environmental resources. Canopy removal increases light levels in 
the understory, modifying the microenvironment, plant community, and tree regener- 
ation. These changes can have cascading effects on the capacity of forests to sustain 
their provision of ecosystem services. Vegetation can rapidly colonize the disturbed 
areas and prevent regeneration of the desired tree species or forest composition. 
For example, in some black spruce (Picea mariana (Mill.) BSP) stands of eastern 
Canada, the effects of harvesting on light levels and water table depth can trigger the 
growth of bryophyte communities; this shift favors paludification (Fenton & Berg- 
eron, 2006), which in turn reduces forest productivity (Leroy et al., 2016). Similarly, 
site encroachment by ericaceous species such as Kalmia angustifolia L. or Empetrum 
hermaphroditum Hagerup can lead to a significant decline in soil fertility and conifer 
growth rates on some forest sites (Mallik, 2003). 

Because successful stand regeneration can mitigate these effects, it is one of 
the keystone elements of sustainable forest management. In Canada, for example, 
regeneration success is used to monitor changes in conditions relevant to sustainable 
forest management under the Montreal Process (NRC 2020). It is also mandatory in 
Norway, Finland, and Sweden. 

Successful regeneration, both from natural propagules and plantation practices, 
ensures that ecosystems submitted to stand-replacing disturbances return to a forested 
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Fig. 14.1 Schematic representation of the relative effects of forest management intensity, including 
plantation silviculture, on the procurement of some ecosystem services. Concepts are detailed in 
Nijnik et al. (2014) and Freer-Smith et al. (2019) 
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state so that they can maintain wood fiber supply, biodiversity, carbon sequestra- 
tion, wildlife habitat, spiritual values, social values, and other ecosystem services 
(Fig. 14.1). 

Boreal ecosystems are dominated by conifer species having long-lived aerial seed 
banks, reproduction from vegetative growth (e.g., the formation of layers around 
trees), established dense understory seedling banks, or a combination of these char- 
acteristics (Thiffault et al., 2015). Depending on jurisdictions and years, natural 
regeneration can thus play a substantial role in forest renewal. For example, in 
Sweden, about 24% of the area harvested between 1999 and 2019 regenerated natu- 
rally, although showing a declining trend (SFA, 2020). In Canada, the average was 
about 44% between 2000 and 2020 (NRC, 2020). The remaining areas are regenerated 
with plantations, which can take various forms. They include intensively managed, 
even-aged forest areas planted with one or two species at a regular spacing. The 
primary objective of these regenerated areas is wood production (Fig. 14.2a, b), 
although there is also a consideration of environmental and societal values in most 
boreal jurisdictions. In contrast, less intensively managed plantations, resembling 
natural forests at stand maturity, have the main purpose of ecosystem restoration, 
the protection of soil and water values, and/or support of socioeconomic objectives 
(Fig. 14.2c). Globally, intensively managed and other planted forests cover about 
291 million ha, an area that represents 7% of the world's forests (FAO, 2020). 

The capability of forest plantations to fulfill their role relies on interdependent 
decisions and actions. In most forestry contexts in the boreal zone, this means 
selecting appropriate genotypes and seedling size, managing the soil and humus 
to create appropriate microsites, controlling competing vegetation, managing stand 
density, and, in some cases, increasing nutrient availability. Tree breeding, silvicul- 
ture, and their interactions drive the production of ecosystem services from planted 
forests (e.g., Burdon et al., 2017). This chapter describes the actual and potential role 
that plantation silviculture, tree breeding, and novel tools such as genomic selection 
can play in supporting the sustainable management of boreal forests in the face of 
climate change. First, we summarize some of the fundamentals of plantation silvicul- 
ture and show how various treatments support sustainable forest management objec- 
tives. Then, we explore the role of tree breeding and genomic tools in assisting forest 
management. Third, we provide examples illustrating the role plantation forestry 
plays in maintaining various ecosystem services from boreal stands in the context 
of global change. Finally, we identify some issues and challenges facing plantation 
forestry in the context of sustainable forest management. 


14.2 Plantation Establishment and Silviculture 


When a forest stand is harvested, the energy previously captured by the canopy now 
reaches the understory and the soil (Fig. 14.3); this exposure increases soil and air 
temperature and the evaporative demand of the air. For newly planted seedlings, a 
higher soil temperature can positively affect root growth and the uptake of water and 
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Fig. 14.2 Examples of various plantations, showing a an intensively managed white spruce (Picea 
glauca (Moench) Voss.) plantation in eastern Canada, b a mature Norway spruce (Picea abies (L.) 
Karst.) plantation in Sweden, c an extensively managed white spruce plantation in eastern Canada 
containing natural balsam fir (Abies balsamea (L.) Mill.) regeneration, and d a Norway spruce 
plantation in Sweden that was submitted to cleaning with the retention of naturally regenerated 
Scots pine (Pinus sylvestris L.). Photo credits a, c Nelson Thiffault, b, d Karin Hjelm 


nutrients and reduce the risk of frosts. On the other hand, the increased evaporative 
demand and higher air temperatures can increase the risk of drought. Although soil 
water availability increases when trees are removed and more precipitation reaches 
the ground, colonizing vegetation competes for water in the rooting zone. Because 
the root functioning of newly planted seedlings is often poor (Grossnickle, ), this 
may further increase the impact of drought. Moreover, rapid changes in temperature 
between day and night can cause frost damage. Many nutrients are removed by 
harvesting the standing trees, although changes in the energy balance can heighten 
some nutrient cycle processes such as nitrification (Jerabkova et al., 2011). 

In this context, plantation success in supporting sustainable forest management 
objectives relies on the proper selection and use of stock type and silviculture treat- 
ments (Rubilar et al., 3). These decisions ensure that the planted seedlings have 
access to sufficient environmental resources from the time of planting until maturity 
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Fig. 14.3 Some environmental factors influenced by harvesting or natural disturbances that deter- 
mine the establishment success of newly planted seedlings in the boreal forest. These factors can be 
manipulated using silvicultural treatments, such as mechanical site preparation, vegetation manage- 
ment, and fertilization, so that plantations can support sustainable forest management objectives. 
Tree-breeding programs can also select genotypes best adapted to sustain specific environmental 
conditions 


so that survival is maximized and growth rates meet the silviculture and management 
objectives. 

In general, seedling stock types vary in the size of the shoot/above ground biomass 
and the morphology of their root system. The choice of stock type size is generally 
based on the competing environment in which the seedlings are to be outplanted, as 
initial seedling size influences their inherent growth and capacity to compete for envi- 
ronmental resources (Jobidon et al., 2003). Larger seedlings are generally preferred 
on sites dominated, or that have the potential to be dominated, by fast-growing, light- 
demanding species. Smaller seedlings are ideal for sites where competition for light 
is low, as generally found at high latitudes where competing species consist mainly 
of shrubs, mosses, and lichens (Bell et al., 2011). 

Most harvesting treatments alter vegetation dynamics; species well adapted to the 
new environmental conditions establish rapidly, occupy the site, and compete with 
planted seedlings for resources (Fig. 14.3). Vegetation management aims to direct 
the evolution of the forest succession to achieve a range of management objectives. 
The use of mechanical, chemical, biological treatments, or a combination thereof, 
applied during the various stages of early stand development can improve planted 
tree growth, vigor, resistance to damage from insects, survival, nutrient status, crown 
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length and width, and stand volume growth (Wiensczyk et al., 2011). In most cases, 
vegetation management treatments are carried out to increase the wood production of 
desired species; however, vegetation management enables achieving other objectives, 
such as restoring declining species or diversifying stand composition and structure. 

Mechanical site preparation is used to improve site factors and reduce seedling 
stress following planting (Fig. 14.3), leading to positive effects on seedling survival 
and growth (Sikstróm et al., 2020). In boreal contexts, mechanical site prepara- 
tion increases the availability of site resources by reducing competition from other 
species colonizing the regeneration area and improves factors such as microclimate, 
nutrient mineralization, soil temperature, and soil water availability (e.g., Johansson 
et al., 2013). Site-specific characteristics and the management context influence the 
intensity of mechanical site preparation treatments and the impact severity of these 
treatments on the forest floor and the soil (L6f et al., 2012). For example, the applied 
treatment can consist of disturbing (locally) the organic layers through the use of 
motor manual equipment, mounding to create elevated planting spots, disk trenching 
to create linear rows of furrows and berms, soil inverting to produce planting spots 
with the mineral soil lying above an inverted humus layer, harrowing to completely 
mix the organic layers and incorporate them into the underlying soil, or blading, 
which completely removes the organic layer over large areas of soil. 

Stand density (the number of stems growing per unit of space) influences produc- 
tivity at the tree and stand levels. The size of individual trees is largest at low density 
because trees are exposed to low levels of intraspecific competition. At higher tree 
densities, volume production at the stand level is maximized because site occupancy 
is optimized (Groot & Cortini, 2016). Density management thus offers the opportu- 
nity to manipulate resource allocation to best fit the sustainable forest management 
objectives being pursued. In plantations, stand density is managed at the establish- 
ment phase by prescribing the planting distance between the seedlings. Thinning 
or cleaning treatments can later be used, either at the precommercial or commer- 
cial stage of stand development, to maintain or reduce stand density and select crop 
trees (Fig. 14.2d; Pelletier & Pitt, 2008). Thinning operations reduce competition 
between crop trees; hence, they improve the growth of the remaining stems. Although 
increased volume and radial growth rates generally lead to decreased wood density 
(Jaakkola et al., 2005), these effects can be nonsignificant (Franceschini et al., 2018; 
Vincent et al., 2011). The pruning of dead or living branches can also be used to 
increase wood quality and value (Mäkinen et al., 2014). 

The availability of soil nitrogen is one of the major growth-limiting factors in 
boreal forests (Tamm, 1991). Fertilizers can be applied at planting, in the later stages 
of stand rotation, or at several points in time to promote plantation growth and 
achieve sustainable forest management objectives. Using fertilizers at planting can 
promote the rapid establishment and high initial growth of trees; for example, positive 
effects of amendments have been documented when used in combination with site 
preparation (Thiffault & Jobidon, 2006) or with nutrient irrigation (Johansson et al., 
2012). The fertilization of mature stands, for its part, is seen as one of the most 
economically important measures to increase wood production. By adding nitrogen 
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to middle-aged or older stands, usually a few years after the last thinning, tree growth 
can be increased significantly (Jacobson & Pettersson, 2010). 


14.3 Tree Breeding and Genomic Selection 


Millions of seedlings are planted each year in the boreal forest, with more than 450 
million and 350 million seedlings planted annually in Canada and Sweden, respec- 
tively. In most northern countries, seedling material is improved for growth, or at least 
comes from known origins, to ensure its quality and adaptation to specific planting 
environments. This practice enhances plantation success and timely restocking so that 
ecosystem services can be fulfilled as quickly as possible after harvesting (Fig. 14.1). 
The use of improved planting material also protects investments and guarantees a 
future fiber supply of sufficient quantity and quality (Jansson et al., 2017). 

Tree-breeding programs for boreal conifers have been established in many coun- 
tries in the northern hemisphere to deliver improved seedlings for reforestation 
purposes (see Mullin et al., 2011 for an extensive review). The first tree breeding 
efforts comparing the growth of seed sources from different geographic origins go 
back to the early twentieth century. Structured tree-breeding programs for many 
commercial spruce (Picea spp.) and pine (Pinus spp.) species were initiated in the 
1950 and 1960s by systematically sampling the genetic base (Fig. 14.4a). Hence, 
seeds and grafts from plus trees (particularly well-growing trees in natural stands) 
were collected from the species' full distribution and planted in common garden 
experiments. These provenance studies determined the genetic variation within 
species to identify the best-growing seed sources and to study the genetic response 
to the environment (e.g., Li et al., 1997; Rehfeldt et al., 1999). These studies also 
established the foundation for crossing the best-performing individuals, leading to 
the beginning of a breeding population (Fig. 14.5). 

Genetic trials of provenances or crosses follow distinct experimental designs that 
control within-site variation, determine genetic effects, and rank individual trees, 
families of crosses or their parents on the basis of their genetic merit (Fig. 14.4b). 
Measuring traits of interest in these experiments allows estimates of the different 
genetic parameters, e.g., their heritability, that determine the genetic gain expected 
through selection. For instance, height growth is typically between 20%-30% genet- 
ically controlled (e.g., Gamal El-Dien et al., 2015; Hong et al., 2014; Lenz et al., 
20202), whereas wood quality is under even stronger genetic control. In some cases, 
more than half of the observed variation in wood density and fiber dimension is 
attributed to genetics (e.g., Chen et al., 2014; Ivkovich et al., 2002). Adverse corre- 
lations between desired traits, such as growth and wood quality, require multitrait 
selection approaches to prevent wood quality degradation in planting stocks with 
enhanced growth (Hong et al., 2014; Lenz et al., 2020b). 

Conventional tree breeding employs a recurrent cycle of evaluation, selection, and 
crossing of the best individuals, which are then re-evaluated (Fig. 14.5). Traditionally, 
selected individuals are multiplied and grafted into clone banks for next-generation 
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Fig. 14.4 a A 50-year-old mature white spruce (Picea glauca) provenance trial established at 
the Petawawa Research Forest in Ontario, Canada; and b a 16-year-old genetic trial of controlled 
crosses of Norway spruce (P. abies), an introduced species to eastern Canada for which several 
breeding programs are maintained. Trees in a and b were pruned to facilitate access for recurrent 
measurements of growth and for easier wood quality assessments. Pruning is also common practice 
in plantations for increasing wood quality. This treatment leads to fewer and smaller knots and 
hence stronger wood from the first log. Photo credits a Isabelle Duchesne, b Patrick Lenz 


crosses and into seed orchards for seed production (White et al., 2007). For economic 
reasons, most seeds used for mass seedling production originate from open-pollinated 
seed orchards where only the maternal genetic value is well controlled. Other multi- 
plication methods rely on sowing seeds and planting seedlings from controlled 
crosses or growing seedlings into hedges to produce rooted cuttings. Seedlings from 
cuttings or emblings obtained through somatic embryogenesis are significantly more 
expensive than standard material (Chamberland et al., 2020). Nevertheless, these 
clonal reproduction methods allow for the full control of the genetic makeup and, 
thus, maximize genetic gain (Park et al., 2016). 
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Fig. 14.5 Schematic illustration of the tree-breeding process, in which plus trees are identified to 
set the groundwork for crossing the best-performing individuals and, hence, establish a breeding 
population. Genomic selection (GS) can shorten the breeding cycle by decades. The genetic gain 
of a desired parameter (e.g., height) is thus dependent on the genetic control and the selection 
differential s, which is the difference between the general mean u and the mean of the selected 
subpopulation 


Over the last decade, genomic selection has been tested in forest tree breeding, with 
several proof-of-concept studies being published for boreal conifers (e.g., Beaulieu 
et al., 2014; Gamal El-Dien et al., 2015). Genomic selection relies on linking the 
genomic marker profiles of trees to their phenotypes. Once the models are cali- 
brated, predictions are made only on the basis of marker profiles, which can already 
be obtained at the seedling stage or from embryonic tissue; this avoids the imper- 
ative establishment of field tests (Park et al., 2016). Hence, the evaluation time is 
reduced to a minimum, and completing a selection cycle lasts only 10-15 years 
until improved seedlings are available (Lenz et al., 2020a) (Fig. 14.5). Genetic gain 
is enhanced further when vegetative reproduction is used for valuable genotypes. 
Genomic selection also facilitates the screening for expensive phenotypes, such as 
resistance, and quality traits in breeding populations. Models can be calibrated for a 
representative subset of a breeding program, and predictions can be made for other 
genotyped trees in the same population. 
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14.4 Benefits of Plantation Forestry in Sustainable 
Management 


Plantations can provide high yields and offer the opportunity to select for species, 
genotypes, stand density, and spatial arrangements. They therefore play an impor- 
tant role in augmenting, maintaining, and restoring forest productivity in boreal 
landscapes and improving the provision of other ecosystem services (Freer-Smith 
et al., 2019). 


14.4.1 Increasing Wood Production 


Plantations increase wood production per unit of area relative to natural forests 
because they make better use of the space by the desired species, and they are based 
on genetically improved material. Overall, fiber production of desired quality can be 
tripled in a plantation compared with that obtained from unmanaged natural stands 
(Paquette & Messier, 2010). The amount of gain in each breeding cycle depends 
on the genetic control of growth traits and on the selection intensity. Despite the 
low to moderate heritability of growth, substantial gains have been achieved in 
one to two selection cycles in northern conifer breeding programs. For example, 
Isaac-Renton et al. (2020) reported almost 30% volume gain in first-generation top- 
crosses of Douglas fir (Pseudotsuga menziesii (Mirb.) Franco) in western Canada. 
For Norway spruce in Sweden, Liziniewicz et al. (2018) reported volume gains 
of nearly 30% in realized gain trials in second-cycle seed orchards. Multivarietal 
forestry offers volume gains greater than 5096 by multiplying top-performing clones 
(Weng et al., 2008). At the landscape level, and when integrated within a functional 
zoning approach, the enhanced productivity of plantations can reduce the manage- 
ment pressure on natural forests without affecting wood production within the forest 
management unit (Messier et al., 2003). Enhanced growth also leads to shorter rota- 
tions, thus reducing the duration that trees are exposed to biotic and abiotic risk 
factors, including those related to climate change. 


14.4.2 Adapting Forests to Future Conditions with Trait 
Selection and Assisted Gene Flow 


In addition to growth and stem form, tree breeding can screen for other traits adapted 
to novel climate or market conditions. More frequent and severe drought events and 
late and early frosts in the more northern regions will negatively affect tree regen- 
eration at boreal latitudes (Boucher et al., 2020). Plantation forestry, using adapted 
planting stock, can help maintain forest productivity in these challenging conditions. 
Breeding and modern genomic tools make it possible to accelerate the selection 
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for various breeding goals (Fig. 14.5), including improved resilience, adaptation, 
and resistance to climate extremes and more frequent biotic stresses, or particular 
wood attributes to respond to emerging markets. In recent years, several studies have 
coupled dendroecology with genetics and genomics to forecast the adaptive potential 
of populations on the basis of past growth responses extracted from tree-ring data 
(e.g., Montwé et al., 2018). Moreover, new classes of phenotypes have improved 
our understanding of the genetic underpinning of adaptation (Housset et al., 2018). 
Growth resilience and recovery after drought stress are under significant genetic 
control and can thus be used as breeding criteria for adapting seedling material to 
future climate conditions; thus, this selection of seedling material can support sustain- 
able forest management (Depardieu et al., 2020). Breeding also provides opportu- 
nities to enhance the resistance of conifers to biotic stressors, such as insects (e.g., 
Lenz et al., 2020b). 


14.4.3 Restoring and Maintaining Natural Species, 
Closed-Forest Landscapes, and Ecosystem Functions 


Although forest plantations can be established with the objective of producing a 
maximum of wood fiber in the shortest period, forest plantations in the boreal zone 
are frequently used to compensate for deficient natural regeneration and maintain 
a closed-crown forest cover. For example, in northeastern Canada, black spruce 
seedlings are planted alone or in combination with eastern larch (Larix laricina 
(Du Roi) K. Koch) or other species after wildfires to limit the expansion of lichen 
woodlands (e.g., Thiffault & Hébert, 2017). Plantations are also used as a tool to 
address biodiversity issues under the paradigm of ecosystem-based management 
(Paquette & Messier, 2010). For instance, plantation forestry is used to regenerate 
species that reproduce through serotinous cones and that rarely reproduce without 
wildfire (Bouchard, 2008). Forest plantations are also established to restore or main- 
tain certain declining species through enrichment planting (e.g., Neves Silva et al., 
2019). White spruce is an example of a species native to boreal eastern Canada 
that is sensitive to environmental conditions and suffers from needle chlorosis and 
defoliation, a phenomenon that can potentially be accentuated by climate change in 
regions characterized by low base cation availability in the soil (Ouimet et al., 2013). 
Furthermore, natural regeneration of white spruce is impeded by harvesting effects 
on stand structure. In this context, enrichment planting (Fig. 14.2c) increases the 
proportion of white spruce in the landscape to restore the historical forest composi- 
tion (Delmaire et al., 2020). Plantations can also serve to restore wildlife habitats; 
for example, ecosystems subjected to heavy browsing pressure from large ungulates 
may experience regeneration failure of palatable tree species (Beguin et al., 2016). 
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14.4.4 Capturing and Storing Carbon and Supporting 
the Bioeconomy 


Because of their high productivity, plantations are frequently identified as a means of 
sequestering atmospheric carbon for mitigating climate change (Waring et al., 2020). 
This practice is of particular interest in afforestation contexts, i.e., establishing trees 
on areas previously deprived of a forest cover (e.g., Ouimet et al., 2007). Planta- 
tions can, however, show lower net primary production than naturally regenerated 
forests, resulting in a lower carbon stock (Liao et al., 2010). In the boreal biome, the 
benefits of using plantations for carbon sequestration can thus be realized only under 
specific conditions. For example, assuming that the albedo effect is taken into account 
(Bernier et al., 2011), a positive carbon sink can be observed after the reforestation 
of forest heaths, which results from cascades of natural or anthropogenic disturbance 
(Gaboury et al., 2009). Moreover, although site preparation and the planting of boreal 
stands prone to paludification can result in losses of soil carbon, plantations on such 
sites should be beneficial because of the increased carbon storage in tree biomass 
(Lavoie et al., 2005). For example, increasing site preparation intensity on mineral 
soils can significantly increase carbon stock in the forest ecosystem in the long-term 
(Mjófors et al., 2017). The net effect of mechanical site preparation on carbon stock 
remains, however, dependent upon the initial humus content and the site-specific soil 
characteristics. 


14.5 Risks and Challenges 


Forests play a critical role in addressing many of the largest global challenges. These 
challenges include mitigating climate change, conserving biodiversity, and providing 
a variety of ecosystem services, including nutrient cycling, air and water purification, 
carbon sequestration and storage, and wildlife habitat. Forests also have social and 
spiritual benefits and are key to important cultural activities. Although plantations 
can support the delivery of these services, they are also associated with silvicultural 
regimes that have the greatest potential for the artificialization of natural forests 
(Barrette et al., 2014). 

Silvicultural treatments necessary for establishing successful plantations can have 
undesired effects on ecosystems and result in unforeseen impacts on the silvicultural 
regimes themselves. For example, although site preparation improves the establish- 
ment of planted seedlings, the increased area of disturbed soil from this treatment 
favors the establishment of naturally regenerated seedlings (e.g., Johansson et al., 
2013). Whereas natural regeneration can complement or replace planted seedlings 
if mortality occurs, this regeneration can increase the need for precommercial thin- 
ning and other silviculture investments. There are also concerns that mechanical 
site preparation can negatively affect long-term productivity by depleting soil nutri- 
ents through rapid decomposition and leaching. Although tree growth appears to 
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persist many decades after treatment (e.g., Hjelm et al., 2019), long-term research 
is necessary to fully evaluate the legacy effects of mechanical site preparation on 
site productivity. Similarly, fertilization is one of the most questioned silvicultural 
measures. Whereas it is effective at increasing tree growth and stemwood production, 
fertilization may adversely affect the forest ecosystem through, for example, negative 
impacts on soil-solution chemistry. Fertilization usually modifies plant composition 
relative to natural succession because of the increased availability of nutrients and 
reduced light penetration through a denser tree canopy (Hedwall et al., 2010); these 
effects may remain after felling and regeneration (Strengbom & Nordin, 2008) and 
could potentially impact sites at a millennial time scale (Dupouey et al., 2002). 

The breeding process involved in producing successful plant material for planta- 
tion forestry also raises issues and challenges. For example, the extended time frame 
that breeders must foresee is one of the greatest challenges for decision-making and 
the selection of the optimal traits. Genomic selection can provide part of the solution. 
Nonetheless, 10 years of breeding cycle added to 20 years until commercial thinning 
of improved plantations remains a long time horizon during which environmental or 
market conditions may likely change with potentially significant social and economic 
impacts and the risk that the selected genomes will not be adapted to unforeseen 
changes in biotic and abiotic disturbances. Currently, genomic selection models are 
not transferable among breeding populations, as they largely trace pedigree and, to a 
minor extent, marker-trait associations (Lenz et al., 2017). There is hence a continued 
need for developing appropriate genotyping and statistical methods. 

The social acceptability of plantation forestry is ambiguous (e.g., Wyatt et al., 
2011). Although plantation forestry is perceived positively in certain circumstances, 
it is often associated with industrial practices, monocultures, the use of chemicals, a 
deterioration of water quality, negative effects on biodiversity, fragmentation of the 
forest matrix, and other landscape-scale impacts (Paquette & Messier, 2010). The 
use of improved planting material through breeding programs and genomic selection 
(Fig. 14.5) may wrongly be associated with the use of genetically modified organisms 
(GMOs). 


14.6 Conclusions and Perspectives 


Overall, the use of plantations in the sustainable forest management of the boreal 
forest undoubtedly raises significant issues related to the scale, localization, and 
spatial arrangement of plantations, the key attributes and resilience of natural forests, 
social acceptability, and the productivity and profitability of plantations, particularly 
in the context of ecosystem-based management (Barrette et al., 2014) (Fig. 14.6). 
Whereas the role of plantations in supporting sustainable forest management in the 
boreal forest is undeniable, their use should thus consider the risks associated with 
their implementation. These risks are increasing as biotic (e.g., native or exotic pests) 
and abiotic (e.g., drought) hazards expand because of global change, while concurrent 
economic and social pressures evolve constantly. 
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Fig. 14.6 Some issues related to plantation silviculture in the context of ecosystem-based 
management in the boreal forest. Adapted with permission from Barrette et al. (2014) 


Plantation silviculture is compatible with and can support ecosystem-based 
management objectives (e.g., Barrette et al., 2019). When necessary, adaptive 
approaches can be applied at the stand level, such as establishing mixed- or multi- 
species plantations, maintaining biological legacies prior to establishing plantations, 
preserving patches of natural forest during site preparation, and favoring rare fruit- 
bearing tree species during cleaning treatments (Barrette et al., 2014). Maintaining 
or restoring the highest possible degree of naturalness within the forest matrix could 
address the complex issues associated with plantations at the landscape level (Tittler 
et al., 2012). 
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Chapter 15 A) 
Silviculture of Mixed-Species get 
and Structurally Complex Boreal Stands 


Patricia Raymond, Magnus Löf, Phil Comeau, Lars Rytter, 
Miguel Montoro Girona, and Klaus J. Puettmann 


Abstract Understanding structurally complex boreal stands is crucial for designing 
ecosystem management strategies that promote forest resilience under global change. 
However, current management practices lead to the homogenization and simplifica- 
tion of forest structures in the boreal biome. In this chapter, we illustrate two options 
for managing productive and resilient forests: (1) the managing of two-aged mixed- 
species forests; and (2) the managing of multi-aged, structurally complex stands. 
Results demonstrate that multi-aged and mixed stand management are powerful 
silvicultural tools to promote the resilience of boreal forests under global change. 


15.1 Introduction 


Silvicultural practices have long been used to encourage the provision of desired 
ecosystem goods and services to landowners and society (Puettmann et al., 2009). The 
selection and implementation of specific practices are driven mainly by ownership 
objectives and logistical opportunities and constraints. Consequently, as management 
objectives have changed over the last few decades from a focus on timber production 
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to managing for a broader set of goals, e.g., biodiversity, recreation, and resilience, a 
more diverse suite of silvicultural practices had to be applied (Puettmann et al., 2009). 
On public lands, societal shifts have led to increased recognition of the importance 
of ecosystem services such as wildlife habitat, recreational opportunities, spiritual 
values, or biodiversity, in addition to or instead of timber production. Furthermore, 
recent concerns regarding biodiversity loss, reduced productivity (Chap 1; Table 
1.1), and forest resilience in the face of global change (Chap. 1; Table 1.2) require 
applying a broader set of silvicultural practices than in the past to manage forests for 
a novel, uncertain future (Puettmann, 2011; Shvidenko & Apps, 2006). 

The selection of silvicultural systems has traditionally been justified by under- 
standing the dominant natural disturbance regimes (Bradshaw et al., 1994). In unman- 
aged boreal forests, natural regeneration is often initiated following disturbance by 
fire, insects, or windstorms (Kuuluvainen & Grenfell, 2012). The theory of natural 
disturbance emulation, holds that clear-cutting simulates large high-severity pertur- 
bations, e.g., fire, but this silvicultural approach leads to less standing and downed 
woody debris and different soil conditions than encountered following a fire (Ber- 
geron et al., 2002; Kuuluvainen & Grenfell, 2012; Moussaoui et al., 2016a, 2020). 
Over the last few decades, ecosystem-based forest management has become a domi- 
nant management paradigm in many countries (Chap 1). Correspondingly, our under- 
standing of natural disturbance regimes and their impacts on succession has expanded 
to underline the role and influence of spatial and temporal variability and environ- 
mental legacies (Bergeron & Harvey, 1997; Montoro Girona et al., 20182). Thus, 
rather than having a narrow focus on variables such as the average fire return interval 
or fire size, silvicultural practices should reflect the full suite of disturbance frequen- 
cies and severities, especially small-scale disturbances (Kuuluvainen & Grenfell, 
2012). Together with the shift in the abovementioned landowners' objectives, the 
recognition of the role of disturbances of wide-ranging severity and size has encou- 
raged landowners to consider a more diverse range of silvicultural practices. As 
an example of the practical implications of this shift in thinking, variable retention 
has gained global attention (Gustafsson et al., 2012; Kuuluvainen & Grenfell, 2012; 
Moussaoui et al., 2016b). 
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Both the increased diversity of management objectives and an improved 
understanding of the variability created by natural disturbances present challenges, 
with their relative importance changing depending on ownership and the particular 
ecological and social context. Furthermore, addressing these factors will become 
even more complicated in response to social and ecological trends associated with 
global change (Puettmann, 2011). For example, although using the variability of 
natural disturbance patterns to manage for multiple ownership goals had received 
much attention in the past (Franklin et al., 2018; Kuuluvainen & Grenfell, 2012), 
practical suggestions to encourage the adaptive capacity, e.g., resilience, of forests 
to combat the negative impacts of global change are scarce (Puettmann & Messier, 
2019). This adaptive capacity is of particular importance, as future conditions are 
expected to be increasingly influenced by human-caused rather than natural drivers; 
thus, managing for resilience and adaptive capacity will likely increase in importance 
(Puettmann, 2011). 

An increased focus on a broader set of ecosystem services and the vari- 
ability of natural disturbance regimes has led to an interest in managing forests 
within a wider envelope of structural and compositional conditions. This vision 
aligns with management approaches for resilience, as ecosystem adaptation mech- 
anisms are based on maintaining or even enhancing functional diversity—species 
with different traits that, for example, respond differently to various disturbance 
agents—and cross-scale interactions, e.g., disturbances producing high structural and 
compositional variability within stands (Puettmann & Messier, 2019). In this context, 
this chapter highlights silvicultural practices aimed at encouraging heterogeneous 
species composition and stand structures in boreal forests, as quantified by tree 
species composition and vertical structure, respectively, to promote resilience to 
global change. 

Compared with monocultures, mixed-species forests provide a more 
comprehensive suite of ecosystem services (Hector & Bagchi, 2007; Himes & 
Puettmann, 2020) and encourage a broader range of stand structures 
(Pretzsch et al., 2017). Stand structural variability is managed using a variety of 
approaches, from the classic uneven-aged management (Plenterwald) (O’ Hara 2014) 
to variable-retention harvests (Gustafsson et al., 2012). In contrast to the classical 
Plenterwald, variable-retention harvests emphasize spatial variability and 
thus ensure that a variety of successional stages are present in stands, including 
early seral and older stages (Franklin et al., 2018). At the same time, the importance 
of ensuring a variety of ecosystem services, especially those related to biodiver- 
sity, leads to increased attention to other structural elements, such as understory 
vegetation, snags, and downed wood. Greater knowledge of species mixtures and 
heterogeneous stand structure supports practices that improve the resilience of forest 
stands, especially in a context of global change (Puettmann & Messier, 2019). 
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15.2 Silvicultural Systems and Complexity 


The choice of a silvicultural system influences structural and compositional condi- 
tions and their evolution (Kuuluvainen et al., 2012; Puettmann et al., 2009; Raymond 
et al., 2009). Silvicultural systems influence structural diversity, which can range 
from simple single-canopy layer stands in even-aged systems to multiple canopy 
layers in uneven-aged stands. The spatiotemporal arrangement of management prac- 
tices, e.g., gap creation or patch thinning, and the retention of structural attributes, 
e.g., choice of species and trees for retention at stand and landscape scales, can also 
maintain or increase complexity (e.g., Bauhus et al., 2009; Gustafsson et al., 2012). 
Furthermore, within-stand heterogeneity of topography, soil conditions, and available 
resources promote structural and species diversity, especially in late-successional 
forests (Moussaoui et al., 2019). In contrast to traditional efforts to homogenize 
forests for production efficiency (Puettmann et al., 2009), silvicultural systems that 
create diverse ecological niches (e.g., irregular shelterwood and hybrid selection- 
cutting systems) or that incorporate within-stand variability, such as canopy gaps or 
vertical structure in mixed-species stands are expected to facilitate species coexis- 
tence and diversity (Burton et al., 1999; Raymond & Bédard, 2017). Moreover, silvi- 
cultural systems that maintain continuous forest cover are more likely to sustain struc- 
tural attributes, associated microhabitats, and, thus, biodiversity over time (Kim et al., 
2021; Martin et al., 2020; Moussaoui et al., 2016b; Peura et al., 2018). The selection 
of a given silviculture option varies as a function of current stand and landscape condi- 
tions, ownership goals, and logistical opportunities and constraints. In the following 
sections, we illustrate two management examples to highlight options for managing 
productive, resilient boreal forests: (1) managing for two-aged mixed-species forests; 
and (2) managing for multi-aged, structurally complex forests. 


15.3 Silviculture of Two-Aged Mixed Forests 


Two-aged mixed stands, which combine fast-growing, early-successional, and light- 
demanding tree species (nurse trees) with late-successional and shade-tolerant tree 
species (target trees), is a management concept that has gained interest over the 
past two decades (Fig. 15.1; Paquette & Messier, 2010; Rytter et al., 2016). The 
faster-growing nurse trees provide shade to limit competing vegetation (Lieffers & 
Stadt, 1994) and protect smaller seedlings and saplings against late spring frost 
(Filipescu & Comeau, 2011). Nurse trees also facilitate the establishment of more 
slow-growing target trees and improve their stem form (Middleton & Munro, 2002; 
Paquette et al., 2006; Pommerening & Murphy, 2004). The risk of insect attack and 
the related impacts are reduced in mixed stands because the presence of multiple tree 
species reduces the impact of host-specific insects (Campbell et al., 2008; Lavoie 
et al., 2021; Taylor et al., 1996; Zhang et al., 2018). The risk of root disease is also 
reduced in mixed stands (Gerlach et al., 1997). Slow-growing crop tree species can 


15 Silviculture of Structurally Complex Boreal Stands 407 


Fig. 15.1 Managing two-aged stands is more complex than managing monocultures; however, two- 
aged stands offer more adaptability to uncertain future conditions. a Silver birch (Betula pendula 
Roth)-Norway spruce in Sweden and b aspen-white spruce in Alberta, Canada are examples of 
boreal mixedwoods that can be managed as two-aged stands. Photo credits a Lars Rytter, b Phil 
Comeau 


also be difficult to establish without protection from a nurse crop. In these conditions, 
facilitative interactions can be more prominent than competitive interactions, at least 
during the early stages of stand development (Pretzsch et al., 2017). 

Under selected conditions, mixed-species forests are often more productive than 
single-species forests (Pretzsch et al., 2017). This is particularly the case for two- 
aged stands where transgressive overyielding often occurs, i.e., the mixture is more 
productive than the monoculture of the most productive species in the mixture 
(Kweon & Comeau, 2019; Pretzsch et al., 2017). Two-aged management can also 
accelerate natural succession from shade-intolerant to mixedwood composition in 
second-growth forests (Prévost & DeBlois, 2014; Smith et al., 2016). Thus, with 
two-aged stands, greater biodiversity, resilience, and a more diversified portfolio 
of ecosystem services can be combined with increased stand growth and carbon 
sequestration (Felton et al., 2016; Pretzsch et al., 2017). 

Several tree species combinations are relevant for this type of management, 
making it applicable to a range of site conditions. Such examples in Scandinavia 
are planted or naturally regenerated stands combining birch (Betula spp.) as nurse 
crops with Norway spruce (Picea abies L. Karst.) as the target tree species underneath 
(Márd, 1996). In Canada, similar stands with trembling aspen (Populus tremuloides 
Michx) and either planted white spruce (Picea glauca (Moench.) Voss.) (Kabzems 
et al., 2016; Lieffers et al., 2019; Pitt et al., 2015) or other natural mixtures of spruce 
and fir (Prévost & DeBlois, 2014; Smith et al., 2016) can be managed as two-aged 
stands. Such multispecies stands may be more productive than single-species stands, 
with a transgressive overyielding up to 2096 (Kweon & Comeau, 2019). The use of 
a fast-growing nurse crop may be a cost-effective strategy for raising new forests 
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because the nurse crop can be harvested during the early phase of stand develop- 
ment and provide earlier income for the manager (Lóf et al., 2014). Nurse crops may 
benefit the establishment of the more shade-tolerant understory species on some sites 
experiencing global change. 

Conceptually, the presence of more than one tree species may give managers 
greater flexibility in their future management through increased possibilities to adapt 
to changing societal objectives, especially if species and/or provenances are chosen 
to counter the potential impacts of global change (Puettmann, 2011; Puettmann & 
Messier, 2019). However, the management of such stands is more complicated than 
that for monocultures. The challenge occurs when facilitative interactions are over- 
ridden by competitive interactions, i.e., when the competition from the nurse crop 
decreases the growth of the understory tree species (Pretzsch et al., 2017). If thin- 
ning and harvesting of the nurse crop is not timed to the needs of the understory 
tree species, the latter may stagnate in growth, and mortality may increase. In most 
cases, the density management of the two (or more) tree species requires interven- 
tions at different times, resulting in multiple entries, each with smaller harvest yields, 
compared with even-aged monocultures. Despite the additional management costs, 
two-aged management can yield better economic results than monoculture stands 
(Valkonen & Valsta, 2001) and offset these higher management costs (Kabzems 
et al., 2016). For example, gains in volume in aspen—white spruce mixtures can yield 
up to 17% additional volume over that provided by a pure spruce stand (aspen plus 
spruce) when harvested at 90 years of age, and 4196 more volume if aspen and spruce 
are harvested at 60 and 90 years of age, respectively (Kabzems et al., 2016). 

Tending practices, including precommercial thinning, the removal of early- 
successional species within a prescribed radius of selected trees using herbicides, 
cutting or snapping treatments, and the application of herbicides in patches or strips, 
can be used to reduce the density ofthe early-successional species in the overstory and 
increase the growth of the subordinate species (Pitt et al., 2015; Prévost & Charette, 
2017). Mixtures of faster-growing early-successional species with longer-lived late- 
successional species can also improve the self-pruning of the lower branches of 
dominant trees and the quality and value of stems because of the complementary 
use of vertical space and shading of lower boles by the conifers (Prévost & Charette, 
2017; Puhlick et al., 2019). Precommercial thinning of shade-intolerant deciduous 
species, such as aspen and birch, taking care to protect advance conifer regeneration, 
can facilitate recruitment to upper classes and, in this way, accelerate natural succes- 
sion and/or conversion of stands toward a more complex composition and structure 
(Prévost & Charette, 2017). Similarly, when trees reach commercial dimensions at 
later stages, partial cutting can promote advanced conifer regeneration growth—and 
limit suckering in aspen stands— before final overstory removal (Montoro Girona 
et al., 2018b; Prévost & DeBlois, 2014; Smith et al., 2016). 

Managing two-aged stands is an appealing concept that merits further develop- 
ment, especially in boreal forests with their low taxonomic diversity but which contain 
species of contrasting growth habits. Additional gains in productivity and wood 
quality could, for example, be expected by combining this approach with genetically 
improved material, exotic tree species, e.g., Poplar spp. hybrids, and nitrogen-fixing 
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tree species. In addition, the nurse-crop system requires further development to iden- 
tify appropriate regimes for the thinning of the nurse crops to support the successful 
development of various target tree species. Improved knowledge of yield and those 
factors influencing yield outcomes is needed to make and support economically 
sound decisions. Despite the benefits, care must be exercised to avoid increasing the 
risk of large catastrophic fires that may result from increased conifer abundance and 
reduced broadleaf abundance and from greater aridity due to global change. Two- 
aged stands also provide more structural diversity, habitats, and ecosystem services 
than single-aged monocultures (Berger & Puettmann, 2000). 


15.4 Silviculture of Structurally Complex Stands 


Although stand-replacing fires are the main natural disturbance in boreal forests, 
detailed investigations into the variability within and among fires have shown 
that parts of these forests escape catastrophic fires and thus develop complex 
multicohort, uneven-aged structures (Fig. 15.2; Boucher et al., 2003; Kuulu- 
vainen & Grenfell, 2012). In the absence of stand-replacing disturbances, low- and 
moderate-severity disturbances, caused by agents like wind, insects, and pathogens, 
initiate regeneration processes (Kuuluvainen & Grenfell, 2012; Martin et al., 
2019, 2020; Pham et al., 2004). These findings suggest that silvicultural systems 
other than clear-cutting could be applied to maintain or enhance forest structural 
complexity (Bergeron & Harvey, 1997; Groot, 2002; Lieffers et al., 1996). Exam- 
ples include traditional uneven-aged systems (e.g., selection cutting, Plenterwald) 
that mimic small-scale natural variability in boreal forests composed of long-lived 
conifers, such as black spruce (Picea mariana; Groot, 2002; Ruel et al., 2013), 
Norway spruce, and Scots pine (Pinus sylvestris) stands (Lähde et al., 2010; Pukkala 
et al., 2010). In eastern Canada, operational selection-cutting systems maintain 
complex stand structures, abundant coarse woody debris, and greater species diver- 
sity after the initial harvest in naturally uneven-aged black spruce forests (Ruel et al., 
2013). There is a lack of data on the long-term productivity of uneven-aged managed 
boreal forests and, more broadly, for forests regenerated after partial cutting. Specific 
concerns relate to post-harvest windthrow because of poor rooting conditions and the 
slow growth rates observed under northern latitudes (Bose et al., 2014; Kuuluvainen 
et al., 2012; Montoro Girona et al., 2019). However, the advantages of uneven-aged 
managed forests in terms of maintaining wildlife habitat, species diversity, carbon 
storage, and other ecosystem services can counterbalance the negative impacts of 
partial cutting and justify management choices, especially when a variety of manage- 
ment goals are implicated (Ameray et al., 2021; Kuuluvainen et al., 2012; Montoro 
Girona et al., 2016; Peura et al., 2018; Ruel et al., 2013). 

Irregular shelterwood systems, originally called Femelschlag, can be more suit- 
able to irregular uneven-aged stands—stands with heterogeneous spatial patterns, 
stand structures, and species composition—than selection systems, especially when 
these stands comprise species having a wide range of functional traits, e.g., life span 
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Fig. 15.2 In the absence of catastrophic stand-destroying disturbances, secondary disturbances 
enable the development of complex stand structures; a an old-growth unmanaged black spruce 
stand and b a balsam fir—yellow birch irregular stand managed by irregular shelterwood in Québec, 
Canada. Photo credits a Maxence Martin, b Patricia Raymond 


and shade tolerance (Klopcic & Boncina, 2012; Lieffers et al., 1996; Raymond et al., 
2009). The different variants and the potential range in resulting spatial and structural 
outcomes make irregular shelterwood systems highly adaptable and able to simulta- 
neously address various management goals (Boncina, 2011; Raymond et al., 2009; 
Suffice et al., 2015). In eastern Canada, for example, continuous-cover irregular shel- 
terwood can regenerate sub-boreal balsam fir (Abies balsamea)—yellow birch (Betula 
alleghaniensis) stands driven by cyclic moderate-severity disturbances, e.g., spruce 
budworm (Choristoneura fumiferana), while maintaining irregular stand structures 
and microhabitat diversity (Martin & Raymond, 2019; Raymond & Bédard, 2017). 
Expanding-gap irregular shelterwood systems have also proven useful for managing 
forests dominated by balsam fir and red spruce (Picea rubens) in North America 
(Saunders & Arseneault, 2013) and stands of silver fir (Abies alba) and Norway 
spruce in Europe (Heinrichs & Schmidt, 2009; Klopcic & Boncina, 2012). Several 
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experiments and studies have documented the use of selection systems and irregu- 
lar shelterwood systems to transform even-aged stands into uneven-aged stands. 
However, this process takes time and can be challenging, particularly for the esta- 
blishment and development of regenerating cohorts (Heinrichs & Schmidt, 2009; 
Ligot et al., 2020). 

Finally, partial-harvest operations, as an overarching concept that includes selec- 
tion, shelterwood systems, and others, emphasize the importance of structural lega- 
cies (Franklin et al., 2018; McIntire et al., 2005) and provide a means of promoting 
structural and species diversity as an alternative to clear-cutting (Burton et al., 1999; 
Lieffers et al., 1996). Variable-retention cutting, a variant of clear-cut systems with 
the retention of overwood, can also increase structural and compositional diver- 
sity (Moussaoui et al., 2016a, 2016b). In a meta-analysis of retention harvests, 
species richness in retention patches was similar to that of primary boreal forests 
(Mori & Kitagawa, 2014), with mobile animals, such as birds and arthropods, doing 
well after retention cutting, whereas vascular plant diversity remained stable, and 
epiphyte diversity declined. This global analysis also indicated that responses did 
not differ between dispersed and aggregated retention. However, the highest vari- 
ability of responses was found when both patterns were combined (Mori & Kitagawa, 
2014), underscoring the benefit of flexibility in the layout of partial-harvest opera- 
tions. Moreover, any silvicultural prescriptions designed in the context of sustainable 
forest management should include the retention of vital structural attributes, such as 
standing dead and large live trees, to prevent biodiversity loss (Burton et al., 1999; 
Puettmann & Messier, 2019). 


15.5 Conclusions 


The silviculture of boreal forests is dynamic because management objectives must 
constantly adjust to changing societal needs and ongoing global change but also 
maintain or enhance the adaptive capacity of forest ecosystems. The homogenization 
and the simplification of forest structures, caused by past harvesting and manage- 
ment practices, has induced a low resilience of boreal forests to global change 
(Felton et al., 2016). Consequently, productive boreal forests are being simpli- 
fied, as areas are increasingly covered by even-aged stands of a limited number 
of conifer species and organized with little compositional and structural diversity 
(Felton et al., 2016). If simplification of the boreal forest ecosystems and biodiver- 
sity loss continues, forests will become less adaptable and resilient to global change 
(Puettmann & Messier, 2019). Relying on the principles of increasing within-stand 
compositional and structural variability, we encourage the use of multi-aged and 
mixed-species management approaches to increase resilience. However, it is essen- 
tial to work at other scales by encouraging the diversification of forest structures, i.e., 
age classes and species, and by limiting fragmentation and biodiversity losses at the 
landscape scale. Silvicultural planning for sustainable management also requires 
accounting for global change, altered natural disturbance regimes and rapidly 
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evolving socioeconomic needs. Consequently, it is necessary to work in the context 
of complex adaptive systems (nonlinearity, heterogeneity, and multiple scales), 
re-evaluate constantly forest management and silvicultural practices, and adopt 
resilience as main goal to ensure the long-term sustainability of boreal forests 
(Kuuluvainen et al., 2015; Montoro Girona et al., 2018b; Puettmann et al., 2009). 
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Abstract Clear-cutting has been the dominant harvesting method used in boreal 
forest silviculture. Reducing the potential negative effects of intensive forestry activ- 
ities on ecosystems, e.g., the simplification and homogenization of stand structure, 
requires diversifying silvicultural practices to promote forest resilience in the face of 
climate change. Priority therefore lies in developing, evaluating, and adapting partial 
cutting as a potential silvicultural option for ensuring the sustainable management of 
boreal forests. In this chapter, we summarize the findings of two large-scale experi- 
ments conducted in Canadian boreal forests that tested new silvicultural approaches 
and explore their implications for forest management. We discuss the effects of 
these treatments on tree growth, tree mortality, regeneration, and biodiversity, and 
we examine the challenges of existing silvicultural approaches in the context of 
climate change. 


M. M. Girona (BX) - L. Moussaoui 

Groupe de Recherche en Écologie de la MRC-Abitibi, Forest Research Institute, Université du 
Québec en Abitibi-Témiscamingue, Amos Campus, 341, rue Principale Nord, Amos, QC JOT 
2L8, Canada 

e-mail: miguel.montoro @uqat.ca 


L. Moussaoui 
e-mail: louiza.moussaoui Q uqat.ca 


M. M. Girona 
Department of Wildlife, Fish, and Environmental Studies, Swedish University of Agricultural 
Sciences, 901 83 Umea, Sweden 


Y. Bergeron 

Forest Research Institute, Université du Québec en Abitibi-Témiscamingue, 445 boul. de 
l'Université, Rouyn-Noranda, QC J9X 5E4, Canada 

e-mail: yves.bergeron @uqat.ca 


H. Morin 

Département des Sciences fondamentales, Université du Québec à Chicoutimi, 555 boul. de 
l'université, Chicoutimi, QC G7H 2B1, Canada 

e-mail: hubert_morin @uqac.ca 

© The Author(s) 2023 417 
M. M. Girona et al. (eds.), Boreal Forests in the Face of Climate Change, 

Advances in Global Change Research 74, 

https://doi.org/10.1007/978-3-031-15988-6 16 


418 M. M. Girona et al. 


16.1 Context 


Ecosystem-based management (EBM) is a vehicle for achieving sustainable forest 
management and aims to balance ecological, social, and economic objectives 
(Franklin et al., 2018; Gauthier et al., 2008; Palik & D’ Amato, 2017). EBM emerged 
from the natural disturbance emulation paradigm (Bergeron et al., 2001), in which 
silvicultural treatments are used to mimic the main disturbances and the natural 
range of variation of the ecological attributes of a forest area (Angelstam, 1998; 
Kuuluvainen et al., 2012; Fig. 16.1). In the boreal forest, natural disturbances such 
as fire, insect outbreaks, and windthrow are the driving forces that generate signif- 
icant ecosystem changes at various spatial and temporal scales, depending on their 
frequency and severity and the size of the affected area (De Grandpré et al., 2000). 
These disturbance patterns determine the dynamics, structure, and composition of 
forests. Thus, silvicultural practices can simulate the composition and structure of 
post-disturbance forests by modifying stand attributes and producing variability 
within forest landscapes (Lecomte & Bergeron, 2005; Puettmann et al., 2015). 
Over the past two decades, timber harvesting has become the main disturbance 
in boreal forest ecosystems. Currently, clear-cutting remains the main silvicultural 
treatment within the boreal biome, used within 8346 of the harvested area in Canadian 
forests (Fig. 16.2; CCFM, 2018). Clear-cut systems offer the advantage of low costs 
relative to the harvested volume (Rosenvald & Lóhmus, 2008). The regeneration is 
assured either by plantation or by protecting the natural advanced regeneration (Groot 
et al., 2005). It is also used to simulate stand-replacing disturbances such as wildfires, 
i.e., high severity events affecting extensive areas, although clear-cut systems cannot 
fully mimic all postfire characteristics (Buddle et al., 2006). Although fire is the most 
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Fig. 16.1 This model represents silvicultural options for maintaining landscape-level forest struc- 
tures and age distributions similar to those that would exist under a natural disturbance regime. 
Structural cohorts (green bubbles) correspond to the various postfire stand successional stages, and 
silvicultural options (brown bubbles) are presented along a gradient of harvest intensity. This illus- 
tration is inspired and adapted from the principle of the multicohort model and the ASIO model 
(Angelstam, 1998; Bergeron et al., 2002) 


common disturbance in many boreal regions, this is not the case for all boreal forest 
landscapes. Consequently, forest management based entirely on clear-cut systems 
can alter structural and biodiversity characteristics at the stand and landscape scales 
(Bouchard & Pothier, 2011; Lindenmayer & Franklin, 2002). Consequently, even- 
aged management regimes having short forest rotations can produce habitat degra- 
dation, provoke the loss of productivity in some regions, and lead to structurally 
homogeneous stands (Fig. 16.2; Fischer & Lindenmayer, 2007; Nolet et al., 2018; 
Seedre et al., 2018). To address these concerns, forest management strategies in 
several boreal countries have prioritized the need to develop, diversify, and apply 
new silvicultural treatments within an EBM framework. 

Partial-cutting treatments are a group of forestry practices included in existing 
boreal EBM strategies (Grenon et al., 2010). From an ecosystem management point 
of view, partial cuttings remove a portion of trees in a forest stand and maintain 
some characteristics of a closed forest cover (Fig. 16.2; Bose et al., 2014; Moussaoui 
et al., 2019). Partial cuttings that involve the removal of 30% to 50% of the stand 
basal area can therefore emulate natural disturbances of intermediate severity and 
extent, e.g., as observed following windstorms and insect outbreaks. Depending on 
management objectives, partial cutting is a generic term that can include commer- 
cial thinning (Nyland, 2016), selection cutting systems (Majcen, 1994), uniform and 
irregular shelterwood cutting systems (Raymond et al., 2009), HARP (harvesting 
with regeneration protection), and variable retention harvesting (Groot et al., 2005). 
Most of these treatments were initially developed in Europe and are being adapted 
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Fig. 16.2 Some of the potential advantages (+) and disadvantages (—) of using partial and clear- 
cutting harvests in the boreal forest. Clear-cutting is represented as it is applied in boreal eastern 
Canada, where harvest trails are restricted to less than 25% of the area to protect soils and advance 
regeneration 


to the context of the North American boreal forest, in particular adjustments related 
to mechanized operations. This adaptation to new boreal contexts requires an under- 
standing of the effects of partial cutting on residual tree growth and mortality, natural 
regeneration, and biodiversity before this approach can be considered as a tool for 
ensuring the sustainable management of boreal forests. 

In this chapter, we synthesize observations from two large-scale experiments 
undertaken in the Canadian boreal forest, which assessed the short-, medium-, and 
long-term effects of various experimental partial-cutting treatments on stand growth, 
mortality, regeneration, and biodiversity. We then provide a perspective on future 
research directions and the implementation of these harvesting approaches in the 
Canadian boreal forest. 
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16.2 Large-Scale Experiments and Innovative Silviculture: 
Two Case Studies in Black Spruce Forests 


The need to evaluate the silvicultural potential of partial cutting in Canadian boreal 
forests led to the establishment of two large-scale experiments within three forest 
regions in Québec, Canada (Saguenay, Côte-Nord [North Shore]): MISA (Managing 
innovative silvicultural alternatives) and RECPA (Réseau expérimental de coupes 
partielles en Abitibi) [Abitibi partial cutting network]. Both experiments comprise 
multiple replicates and long-term monitoring plots to investigate partial-cutting 
modalities adapted to mechanized operations in the black spruce (Picea mariana 
(Mill.) BSP)-dominated forests of Québec. 

The MISA experiment, established by the Canadian Forest Service of Natural 
Resources Canada in 2003, involved three novel shelterwood treatments adapted to 
mechanized harvesting (Meek, 2006), standard clear-cutting, a seed-tree method, 
and untreated controls (Fig. 16.3; Montoro Girona et al., 2017). The shelterwood 
system aims to promote natural regeneration in the understory before a final harvest 
through the gradual opening of the canopy (Larouche et al., 2013; Matthews, 1991; 
Raymond et al., 2013; Smith et al., 1997). This approach maintains part of the residual 
stand as a seed source and as a means of offering partial shade to protect seedlings 
during the regeneration period and preventing the establishment of competing early- 
successional shade-intolerant species (Doucet et al., 1996; Raymond et al., 2000). 
Within an EBM context, shelterwood harvesting can be used to replicate the effect 
of a successional process occurring after low- to moderate-intensity secondary 
disturbances, such as insect outbreaks or windthrows, which promote the devel- 
opment of two-cohort stands (Drever et al., 2006; Kuuluvainen & Grenfell, 2012; 
Oliver & Larson, 1996; Smith et al., 1997). Incidentally, the shelterwood system 
allows residual trees to increase their volume before the final harvest and could be 
a promising silvicultural option for stands of black spruce—one of the most widely 
distributed species in North America (found from Québec to Alaska) and a shade- 
tolerant species that depends on exposed mineral soil for regeneration via seeds. 
Shelterwoods may provide an adequate solution for management strategies to main- 
tain a high level of forest retention, particularly for the management of woodland 
caribou habitat (Courtois et al., 2004). This experiment was conducted in mature 
even-aged black spruce stands on upland sites, following a complete randomized 
block design with 36 experimental units of 3 ha each (Fig. 16.4). 

The Abitibi partial cutting network (RECPA) was established in 1998 across 
northwestern Québec to test the operational feasibility of partial-cutting treatments 
in black spruce-feathermoss forests having an uneven-aged structure (Bescond 
et al., 2011; Fenton & Bergeron, 2007). RECPA included two experimental partial- 
cutting treatments: harvesting with advance regeneration protection (HARP) (Groot 
et al., 2005; Thorpe et al., 2007) and an experimental conservation of canopy cover 
(CCCC) treatment. This experiment also included clear-cut harvesting that removed 
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Fig. 16.3 Characteristics and spatial patterns of the three experimental shelterwood treatments and 
a seed-tree method applied in the MISA experiment 


all merchantable stems (diameter at breast height; DBH » 9 cm). Both HARP and 
CCCC are applied to promote natural regeneration and stand growth. HARP is a 
partial-cutting treatment that involves removing stems with (generally) a DBH greater 
than 14 cm; this approach is used operationally in irregular boreal stands character- 
ized by an abundance of saplings and small merchantable stems (Riopel et al., 2010). 
Moreover, HARP also promotes the development of both old-growth characteristics 
and the maintenance of high levels of biodiversity (Fenton et al., 2013; Opoku- 
Nyame et al., 2021). CCCC is a partial-cutting treatment in which stems from all 
diameter classes are harvested to maintain a similar proportion as that present before 
harvest (Arseneault et al., 2012). Although some partial-cutting treatments offer the 
potential of being effective at ensuring a regular input of deadwood and provide 
a compromise between conservation and harvesting in boreal forest stands (Fenton 
et al., 2013), some modalities, e.g., operational aspects, remain and affect the survival 
of residual stems. These modalities are insufficiently understood in the context of 
the Canadian boreal forest (Bose et al., 2014; Thorpe & Thomas, 2007). The RECPA 
experiment comprised six study sites, each site comprising three blocks (a partial 
cutting, clear-cutting, and untreated plot) of 50 ha each. 
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Fig. 16.4 a Naturally regenerating black spruce stand after clear-cutting, b partial cutting ten years 
post-treatment, c trail opening and canopy conditions after mini-strip shelterwood cuttings (50% 
removal). Photo credits Miguel Montoro Girona 


16.3 Is Partial Cutting a Viable Alternative for Sustainable 
Forest Management? 


16.3.1 Tree Growth 


EBM aims to ensure both wood production and the maintenance of ecosystem 
functions. Thus, evaluating EBM performance must involve quantifying and under- 
standing the effect of silvicultural treatments on tree growth. The effects of partial 
cutting on residual stand wood production in boreal forests are increasingly under- 
stood; several partial-cutting studies have been conducted involving various treat- 
ments and species in Scandinavia (Lähde et al., 2002; Pape, 1999; Peltola et al., 2002; 
Pukkala et al., 2009) and North America (Bourgeois et al., 2004; Goudiaby et al., 
2012; Raulier et al., 2003; Schneider et al., 2008; Thorpe & Thomas, 2007). After 
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partial cutting, residual stem growth generally increases because of decreased stand 
density and competition. For black spruce—the most harvested conifer in eastern 
Canadian forests owing to its excellent wood properties—residual stem growth 
depends on the partial-cutting intensity; the gain in tree growth is often marginal 
or insignificant for partial cuttings that involve about 30% of the basal area being 
removed, whereas marked residual stem growth is observed for cuts of 5096 basal 
area (Goudiaby et al., 2012; Pamerleau-Couture et al., 2015; Soucy et al., 2012; 
Vincent et al., 2009). Normally, tree growth response is not consistent over time (1.e., 
the response is delayed by three to five years after treatment), across space (e.g., edge 
effect, site index and climate), and among stands (i.e., high individual tree variability 
related to ecological status, age, and genetics) (Montoro Girona et al., 2016, 2017). 

In the MISA experiment, the novel shelterwood treatments enhanced the radial 
growth of black spruce stems, especially in younger stands (80-100 years old), and 
the growth response did not differ in relation to harvesting intensity or the type 
of silvicultural treatment applied among shelterwoods and seed trees. The radial 
growth response, 8 to 10 years postcutting, was 41% to 62% higher than that in 
untreated plots. The main factors affecting the growth response were stand structure, 
silvicultural treatment, tree position relative to skidding trails, growth before cutting, 
and time (Montoro Girona et al., 2016). Trees at the edge of the skidding trails showed 
twice the increase in growth compared with trees within residual strips, and this effect 
was greater in younger stands. Trail edges are characterized by less competition and 
a greater access to light and nutrients than within strips. On the other hand, trees 
located along trail edges may face greater exposure to wind and experience more 
frequent stem and root injuries caused by machinery during cutting and scarification 
operations than trees within strips (Cancino, 2005; Chen et al., 1993; Gardiner et al., 
1997; Harper et al., 2016). In the MISA experiment, the positive response of black 
spruce along the trails suggests that the improved access to light and soil resources 
counterbalanced these potential trailside stresses (Fig. 16.5a). These observations 
confirm that silvicultural planning and stand selection in mature black spruce forests 
must consider both the spatial distribution of trails, to promote edge effect, and stand 
age, to maximize growth response. 

In the RECPA experiment, residual stand volume showed net growth over the ten 
years that followed both the HARP and CCCC treatments in all studied sites (Mous- 
saoui et al., 2020). Average tree-ring width after HARP in black spruce stands was 
double that of preharvest stands (Thorpe et al., 2007). In uneven-aged black spruce— 
dominated stands, greater tree radial growth after partial cutting can be limited by 
tree age and intertree competition (Pamerleau-Couture et al., 2015). In uneven-aged 
black spruce stands, although heavy partial cutting can re-attain the preharvest basal 
area 45 years after harvest (Groot, 2014), this return to the initial basal area can take 
65 to 105 years on poorer quality sites corresponding to a more limited establishment 
of post-harvest growing stock (Thorpe et al., 2010). In Québec, HARP tends to reduce 
forest rotation. Results obtained 20 years post-treatment in the HARP experiment 
indicate that this reduction in forest rotation could be 40 to 50 years for stands having 
a median forest rotation of 80 to 90 years. This finding suggests, therefore, that in 
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Fig. 16.5 Response of black spruce stands after experimental silvicultural treatments in MISA; 
a tree rings show the strong radial growth response of edge trees during the first ten years after 
treatment; b windthrow damage observed ten years after the seed-tree method; c black spruce 
seedlings established ten years after the experimental shelterwood and scarification. Photo credits 
Miguel Montoro Girona 


terms of residual tree growth, by considering site quality, partial-cutting treatments 
had a positive effect to promote radial growth after cutting. 


16.3.2 Post-Harvest Mortality and Windthrow 


A significant risk associated with partial cutting is post-harvest mortality due to 
windthrow disturbance (Fig. 16.5b). Partial cutting increases wind penetration into 
the residual stand, heightening the risk of windthrow (Gardiner, 1995; Riopel et al., 
2010; Ruel, 1995). This effectis most evident during the first five years post-treatment 
(Jónsson et al., 2007; Macisaac & Krygier, 2009; Ruel, 2000; Thorpe et al., 2008) or 
where wind exposure is increased by large nearby openings or wind-favoring topog- 
raphy. Factors influencing windthrow include wind exposure (Ruel, 2000; Scott & 
Mitchell, 2005), edaphic conditions (Mitchell, 1995; Ruel, 1995; Stokes et al., 1995), 
stand composition (Burns & Honkala, 1990; Raymond et al., 2000; Riopel et al., 
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2010), stand density (Cremer et al., 1982; Maccurrach, 1991), as well as stem mass, 
size, and height/diameter ratio (Riopel et al., 2010). In addition, tree injuries incurred 
during harvest operations may contribute to increase mortality for stems located next 
to skid trails (Bladon et al., 2008; Thorpe et al., 2008). 

In the MISA experiment, 7696 of the post-harvest mortality, ten years after 
treatment, could be explained by harvest treatment, machinery-caused injuries, and 
distance to adjacent cuts (Montoro Girona et al., 2019). Windthrow accounted for 
80% of post-harvest mortality. Therefore, an expected increase in mortality with 
greater harvest intensity must be included in silvicultural guidelines for applying 
uniform shelterwood treatments and seed-tree harvesting (e.g., see Stathers et al., 
1994). Retention levels should aim at 45% to 65% of the initial basal area to mini- 
mize losses, and stand selection should prioritize sites having conditions that favor 
the lowest probability of windthrow. Moreover, low retention levels increase the risk 
of tree mortality and produce high overturn rates, thereby compromising silvicultural 
objectives (Urgenson et al., 2013). 

The success of partial cutting depends mainly on the survival of residual trees. 
Ten years after harvest, the uniform shelterwood treatments tested in the MISA 
experiment resulted in a mortality that was 15% to 20% higher than that observed in 
the control stands; however, this mortality was still within the range of that observed 
in natural stands in this area (De Grandpré et al., 2008). In the MISA experiment, 
seed-tree harvesting experienced the highest levels of mortality (45%-75% of the 
residual stems), primarily because of the higher exposure of residual trees to wind, 
relative to uniform shelterwood treatments, in which only trees along the trails and 
the edges close to clear-cut areas were highly exposed. Trees along smaller and more 
exposed residual strips are more vulnerable to wind damage (Jónsson et al., 2007) and 
experience higher rates of overturn in residual stands (Achim et al., 2005). Anyomi 
and Ruel (2015) and Urgenson et al. (2013) observed similar patterns, finding that 
high harvest intensity, such as that using seed trees and the removal of 7596 of the basal 
area, produced 60% to 80% post-harvest mortality; these levels correspond to twice 
the amount of windthrow than that observed for intermediate intensity harvesting 
(40%-60% removal)—levels removed in the shelterwood system, for example. 

Much of the research conducted in the RECPA experiment focused on the impacts 
of partial cutting on residual tree mortality over the short, medium, and long term 
(Lavoie et al., 2012). Moussaoui et al. (2020) demonstrated that ten years post- 
harvest, stem losses in black spruce forests depend largely on preharvest stand struc- 
tures and site conditions, in agreement with previous results coniferous-dominated 
stands (Riopel et al., 2010). Moreover, the RECPA experiment showed that ten 
years after harvesting, depending on harvest treatment intensity, partial cutting could 
increase post-harvest tree recruitment and growth or reduce stand basal area because 
of a high rate of standing tree mortality (Moussaoui et al., 2020). For example, 
no cases of high mortality (basal area occupied by dead trees) were observed ten 
years after harvest when treatment intensity (HARP or CCCC), i.e., the percentage 
of harvested basal area, was <48%. In a study comparing mortality after dispersed 
and group-retention partial cuttings in Canadian boreal forests, Lavoie et al. (2012) 
observed that increased wind penetration into residual stands heightened post-harvest 
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mortality; acombination of factors likely caused this increase, including fine-textured 
soils, flat topography, and the dominance of shade-intolerant species. Moussaoui et al. 
(2020) suggest that partial cutting in black spruce forests should be avoided in sites 
where the organic layer thickness approaches 17 cm or more to ensure an increase 
in the decennial stand yield after harvesting. From the results of both experiments, 
post-harvest tree mortality in boreal forests can be predicted using pre-existing stand 
conditions, even before considering the influence of the intensity and configuration 
of a partial-cutting treatment. Understanding the factors involved in this complex 
phenomenon is important for reducing post-harvest losses. 


16.3.3 Regeneration 


Successful natural regeneration is fundamental to sustainable forest management, 
as it enables the resilience of forest ecosystems. Natural regeneration is central to 
most management strategies in the boreal biome (Bose et al., 2014; Kuuluvainen, 
1994; McDonald & Urban, 2004; Messier et al., 1999; Prévost, 1996; Prévost et al., 
2010). Natural regeneration of boreal forests involves numerous processes, including 
seed production and dispersal, germination rates, seedling establishment, and early 
seedling and sapling growth and mortality (Blanco et al., 2009; Thiffault et al., 2015). 
Stand structure and silvicultural treatment determine ecological factors such as light 
availability, and substrate influences the quality of the environment for seedling 
establishment and growth. The availability and distribution of seedbeds composed 
of exposed mineral soil are crucial elements for the successful regeneration of boreal 
stands (Kolabinski, 1991; Martin et al., 2020; Raymond et al., 2000). Moreover, new 
openings in the forest cover caused by partial cuttings alter light availability and 
the physical conditions in the forest and its understory (Barik et al., 1992; Coates, 
2000, 2002; Parent & Messier, 1995). Numerous studies have examined the role of 
increased light availability on the understory (Beaudet et al., 2011; Canham et al., 
1990; Chazdon, 1988) and its effect on the growth of regenerating trees (Beaudet & 
Messier, 1998; Kobe et al., 1995). Studies have also quantified the influence of 
opening size on cohort biomass (Webster & Lorimer, 2002), variations in canopy 
openings after partial cutting (Beaudet & Messier, 2002; Domke et al., 2007), and 
gap formation rates (Raymond et al., 2006; Runkle, 2000; Van Der Meer & Bongers, 
1996). 

The MISA experiment evaluated how the creation of canopy openings from the 
uniform shelterwood treatments affected the density, stocking, and size of black 
spruce seedlings after partial cutting (Fig. 16.5c; Montoro Girona et al., 2018). 
The experiment demonstrated that uniform shelterwood and seed-tree treatments 
produced an abundant regeneration of black spruce seedlings and provided a more 
effective silvicultural option than clear-cutting in that regard; for example, experi- 
mental shelterwood-treated stands produced three times more regeneration outcomes 
than that observed in clear-cut stands (Montoro Girona et al., 2018). The shelterwood 
treatment involving a series of narrow cut strips (mini-strip shelterwood) was the most 
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effective in terms of regeneration stocking after ten years. The MISA results indicated 
that regeneration outcomes depend more on substrate than light during the first ten 
years post-harvest. Following partial cutting, all sites were scarified using a 10-ton 
excavator equipped with a 1 m? bucket in the skidding trails and along their edges 
where the residual spacing of trees allowed. Scarification promoted the stocking and 
density of black spruce regeneration by exposing the mineral soil, thereby emulating 
the effects of fire on the organic layer. Thus, partial cutting combined with patch 
scarification created the required substrate (mineral soil) and light conditions (lateral 
shadowing from the residual strip) to promote black spruce regeneration. No major 
competition with deciduous trees and shrubs was observed; however, future research 
must be undertaken to measure the changes over the longer term. 

Piché (2017) described the effects of partial cutting on regeneration establish- 
ment ten years after treatments within the REPCA experiments. Stocking was 
similar between partial-cutting and clear-cutting treatments, whereas seedling growth 
remained low on paludified sites. The regional climate and physical characteristics 
of the soils found in the Clay Belt region of eastern Canada favor the accumulation of 
organic matter and the rise of the local water table (Bescond et al., 2011; Fenton et al., 
2005, 2009; Payette & Rochefort, 2001). Moreover, the anchoring and intertwining 
of black spruce root systems is reduced; this leads to decreased natural establish- 
ment and productivity (Lafleur et al., 2010; Lecomte et al., 2009). Understanding the 
forest dynamics of this region and adapting partial-cutting modalities will require 
further studies, particularly in forest stands prone to paludification. Furthermore, the 
recent assessment of the effects of partial cutting ten years after treatment on stand 
development (recruitment, growth, and mortality) in RECPA stands revealed that tree 
recruitment increases significantly with greater residual sapling density. Moussaoui 
et al. (2020) found that a minimum density of 800 saplings/ha appears sufficient to 
promote the healthy recovery of black spruce stands and a high stand yield after 
partial cutting. Therefore, black spruce stands having a diversified diametrical struc- 
ture with an abundance of saplings will respond positively to partial cutting over the 
short term. 


16.3.4 Biodiversity 


Silvicultural treatments modify the biotic (e.g., species composition, diversity, and 
community structure) and abiotic (e.g., light availability, soil temperature, and water 
availability) environment of forest stands (Kim et al., 2021). The effects of soil distur- 
bance on vegetation colonization are site specific and depend largely on disturbance 
size and intensity, preharvest species composition, and species’ functional traits. 
Seedbed conditions and existing seed banks also significantly influence shrub colo- 
nization following soil disturbance, as illustrated in multiple successional studies 
(Lafleur et al., 2010, 2015; Lecomte et al., 2006; Prévost, 1996). 

Understory vegetation is a good indicator for understanding changes in forest 
dynamics caused by silviculture, as it is directly influenced by the dominant tree 
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cover (Fraver et al., 2007; Hernández-Rodríguez et al., 2021; Macdonald & Fenniak, 
2007). Previous studies in western Canada have focused on the response of plant 
communities after a clear-cutting of mixedwood forests in Manitoba (Kembel et al., 
2008) and partial cutting in Alberta (Caners et al., 2013) and British Columbia 
(Man et al., 2010). In eastern Canada, forest succession after partial cutting has been 
studied in maple (Acer saccharum Marsh)-dominated stands (Archambault et al., 
2003), mixed yellow birch (Betula alleghaniensis Britt.)-balsam fir (Abies balsamea 
(L.) Mill.) forests (Dubois et al., 2006), balsam fir-dominated stands (Raymond et al., 
2000), and black spruce-dominated ecosystems (Fenton et al., 2013). 

In the RECPA experiment, much of the research has focused on the impacts 
of partial cutting on biodiversity (Bescond et al., 2011; Fenton & Bergeron, 2007; 
Fenton et al., 2013; Paradis & Work, 2011). Partial cutting at a minimum of 40% to 
60% retention maintained habitat attributes for various organisms (Bose et al., 2014; 
Fenton et al., 2013). Species-specific responses to partial cutting can be positive 
for both understory plants (Bescond et al., 2011) and small mammal populations 
(Cheveau et al., 2004), which are relatively resilient to low retention levels (<40%). 
Similar benefits were documented for vascular plants and mosses (Arseneault et al., 
2012; Bescond et al., 2011; Fenton & Bergeron, 2007; Opoku-Nyame et al., 2021), 
epiphytic lichens (Boudreault et al., 2002), and birds (Lycke-Poulin, 2008) in the 
RECPA experiment. Maintaining arthropod assemblages similar to those of older, 
unmanaged forests requires, however, higher retention levels (26096; Jacobs & Work, 
2012; Paradis & Work, 2011). In the context of EBM, findings from the RECPA 
experiment for a variety of species groups indicate that a 50% retention level appears 
appropriate for maintaining biodiversity; however, long-term monitoring is required 
to inform adaptation strategies for sustainably managing forests in the context of 
a changing climate, as well as to include the larger body size species to improve 
our understanding of the biodiversity patterns at the landscape scale for different 
structural stands. 


16.4 Research Perspectives 


In this chapter, we have addressed some critical aspects of novel silvicultural treat- 
ments that aim to promote residual tree growth, minimize windthrow damage, favor 
regeneration, and maintain biodiversity in the boreal forest. Although we have 
focused on the MISA and RECPA experiments, other large-scale experiments, such as 
EMEND (Spence et al., 1999), SAFE (Brais et al., 2004), and EVO (Vanha-Majamaa 
et al., 2007), provide invaluable insights into alternative management systems appli- 
cable to the boreal forest. Nonetheless, a more complete assessment of sustainable 
forest management in the context of climate change requires additional research on 
a number of fronts: 


Economic implications The selection and application of silvicultural treatments 
are highly dependent on financial and economic profitability. Future work should 
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include analyses of the cost/benefit ratios related to implementing partial cutting in 
the boreal context and develop cost-effective means of planning, conducting, and 
monitoring partial-cutting treatments on an operational basis. Finally, the impact of 
partial cuttings on wood quality and value must be addressed to analyze final product 
values in the wood market. 


Long-term monitoring of growth and yield Climate change will alter the growth 
dynamics of stands and species; new estimates of optimal rotations will probably 
be required. Large-scale experimental designs comprising permanent sampling plots 
offer the opportunity for a long-term monitoring of tree growth and stand dynamics 
(e.g., Achim et al., 2021; Pappas et al., 2022; Thiffault et al., 2021). Further inves- 
tigations of the growth response in black spruce stands after partial cutting should 
examine the extent (distance) of the edge effect along residual strips; such research 
would help maximize post-treatment wood production. Another pressing question 
concerns the full estimate of postcutting growth response over time. Currently, 
existing dendrochronological series of black spruce from postcutting growth studies 
do not exceed 12 years (Montoro Girona et al., 2016, 2017; Pamerleau-Couture et al., 
2015; Thorpe et al., 2007); longer-term assessments are required for planning the 
timing of the final cut and optimizing the effect of the treatment on radial growth. 


Forest regeneration under climate change As climate change will lead to altered 
precipitation and temperature patterns and likely favor more frequent summer 
drought periods. Partial cutting could help reduce seedling vulnerability to drought; 
however, no studies have addressed this question to date. Climate change will create 
novel stand compositions, and the greater presence of hardwoods in boreal forest 
stands must be addressed (Brumelis & Carleton, 1988; Riopel et al., 2011; Solarik 
et al., 2020). The opening of the canopy, for example, stimulates the germination and 
survival of paper birch (Betula papyrifera Marsh.) (Perala & Alm, 1990). Even if 
hardwood species are generally found in relatively open areas receiving higher irra- 
diance, some species can survive for a few years under conditions of 1046 sunlight 
(Messier et al., 1999). Thus, early regeneration in unmanaged boreal forests char- 
acterized by infrequent fires is dominated by more shade-tolerant softwood species. 
Deciduous competition could affect the growth of black spruce seedlings and thus 
requires a careful analysis of regeneration after partial cutting. 


Insect outbreaks Climate change is shifting spruce budworm (Choristoneura 
fumiferana (Clemens)) habitats to a more northern range and into areas currently 
dominated by black spruce (Navarro et al., 2018). Because of the potential signif- 
icant impacts of spruce budworm outbreaks on residual stands and the postcutting 
regeneration, it is necessary to understand the spruce budworm-related effects in 
interaction with novel silvicultural practices. Between 1990 and 2016, harvesting 
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affected 24 million ha in Canada. Consequently, a large portion of the North Amer- 
ican boreal forest exists at an early development stage; it is thus important to under- 
stand the vulnerability of regeneration after cutting to insect outbreaks (Cotton- 
Gagnon et al., 2018; Lavoie et al., 2019). A recent study has demonstrated that 
partial cuttings can reduce the impact of insect outbreaks on regeneration (Lavoie 
et al., 2021); however, much more research is required to better understand these 
insect-regeneration interactions under future climate change. 


Windthrow Climate change projections indicate increasing windthrow and wind 
damage in forests will significantly impact stand dynamics in the near future (Saad 
et al., 2017). Pursuing the research efforts conducted over the last 20 years (Achim 
et al., 2005; Gardiner et al., 2008; Solarik et al., 2012) is essential to understand better 
the factors driving forest vulnerability to wind damage, especially following partial 
cutting. These studies would contribute to minimizing the uncertainties associated 
with climate change in forest management strategies and help create decision support 
tools that consider those risks in planning. Finally, management measures that reduce 
windthrow risk must be tested further to provide effective tools for silviculturists in 
preventing losses due to wind damage. 


Carbon sequestration Increasing the C sequestration capacity of a forest requires 
an understanding of the effects of management and climate together with predictions 
as to how these effects might change in forest ecosystems over both the short and 
long term (Hof et al., 2021). Silvicultural treatments and systems could create or 
maintain stands of suitable structure and composition to promote C sequestration 
and mitigate and adapt ecosystems to the effects of global change (Paradis et al., 
2019). Partial cutting with cut-to-length or tree-length harvesting systems has been 
identified as a potential solution for increasing biomass and soil C content (Ameray 
et al., 2021); however, the long-term effects are not fully understood, particularly in 
terms of the modality and the intensity of partial cutting. 


16.5 Conclusions 


The large-scale experiments presented in this chapter are essential for quantifying 
the multiple ecological and economic outcomes of forest management alternatives. 
From the existing data, partial cutting offers viable silvicultural alternatives to clear- 
cutting when required by sustainable forest management objectives. The experi- 
mental treatments reviewed here promote residual tree growth, reduce windthrow- 
related losses, favor regeneration, and help maintain biodiversity. Nonetheless, the 
clear-cut system remains the main silvicultural regime within the boreal biome. 
Although itis an appropriate approach in many contexts, clear-cutting can create frag- 
mented landscapes, promote young and even-aged stands to the detriment of multi- 
cohort stand structures, and benefit some commercial species rather than ensuring a 
more diverse composition. Moreover, current even-aged management tends to reduce 
forest structural variability. A more diverse silviculture that integrates partial cutting 
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into the portfolio of available treatments could increase forests' adaptive capacity 
and resilience in the face of climate change, allowing to maintain a larger spectrum 
of forest composition and structures at different scales across the landscape. 
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Abstract The large-scale simplification of boreal forest ecosystem structure, 
composition, and processes to boost timber production, combined with the increasing 
pressure of climate change, has created an urgent need to restore forest biodiversity 
and resilience. However, the issue of restoration is relatively new in boreal forests, 
and there are no established strategies to guide restoration planning and action. Here 
we provide an overview of suggested strategic concepts and approaches for boreal 
forest ecosystem restoration and discuss their applicability to various situations. The 
key strategic questions in restoration for attaining a favorable conservation status of 
native ecosystem types and their intrinsic dynamics in a given area are: what, how 
much, and when to restore? We conclude that adaptive capacity should serve as an 
overarching strategic framework in boreal forest restoration during times of rapid 
climate change. 


17.1 Introduction 


The boreal forest represents about one-third of the global forest, and it spreads across 
the boreal biome in Canada, Alaska, Russia, and Scandinavia (Kneeshaw et al., 201 1). 
The boreal forest plays a crucial role in global climate regulation because it contains 
a large share of the global terrestrial carbon. This forest is vital for biodiversity, as it 
provides habitats for numerous species adapted to specific northern conditions (Brad- 
shaw et al., 2009). Most boreal countries have long-standing and strong traditions in 
forestry education and related forest-dedicated institutions and timber-oriented forest 
management. They also produce a disproportionally large share of forest products 
for the global market (SNS, 2021). 
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Although unmanaged forest still exists, especially in remote high-latitude areas of 
the boreal zone (Gauthier et al., 2015), the southern, more productive, and naturally 
species-rich forests are generally heavily exploited and currently under intensive 
management (Burton et al., 2010). Forest utilization has been most intensive and 
long-lasting in Fennoscandia, especially in Sweden and Finland where natural forest 
mostly remains only in remote high-latitude and high-altitude areas (Kuuluvainen 
et al., 2017). It is evident that to reach representativeness and favorable conservation 
status in these countries, there is a mounting need for forest protection and restoration, 
especially in the southern and middle boreal zones where natural biodiversity is high 
(Angelstam & Andersson, 2001; Angelstam et al., 2020; Berglund & Kuuluvainen, 
2021; Vanha-Majamaa et al., 2007). The situation is also similar in Canada and Russia 
in that the southern boreal forests have been most intensively utilized, although 
extensive areas of natural forest remain in more northern boreal regions (Potapov 
et al., 2008). 

Overall, the issue of forest restoration is relatively new in boreal forests (Stanturf & 
Madsen, 2005). The boreal countries have traditionally focused on timber manage- 
ment and timber-yield sustainability (Puettmann et al. 2009). This goal is met in many 
boreal countries using intensive even-aged management, where wood is harvested 
with short clear-cutting cycles relative to the natural longevity of stand develop- 
ment cycles. However, such agriculture-inspired crop management practices have 
turned vast areas of structurally diverse natural forests into production forests; the 
latter are structurally and compositionally simplified and lack vital structural legacy 
features, such as large old trees and abundant and diverse deadwood. The large-scale 
simplification of ecosystem structures to boost timber production has reduced biodi- 
versity, limited the ability of forests to deliver ecosystem services, and weakened 
forest resilience to perturbations (Angelstam et al., 2020; Berglund & Kuuluvainen, 
2021). As climate change effects become increasingly evident, this simplification 
has created an urgent need for forest restoration and ecosystem management to 
increase resilience within large areas of the boreal forest (Burton & Macdonald, 
2011; Kuuluvainen, 2009). 

The extent and magnitude of change brought by intensive forestry is exemplified 
by the situation in Finland, where in a recent national assessment, 70% of forested 
habitat types on mineral soil were evaluated as threatened (constituting 4996 of the 
country's forest area), mostly because of the low amounts of deadwood and simpli- 
fied structure of these forests (Kontula & Raunio, 2019). Such extensive degradation 
of forested ecosystems has taken place over most of boreal Fennoscandia within 
only the last 70 years (Keto-Tokoi & Kuuluvainen, 2014). Because of the inertia of 
forest ecosystems to environmental change, we have only seen part of the cumu- 
lative ecological effects of such large-scale alteration of northern forest ecosystem 
structures. Such delays in ecological responses are due, in part, to long successional 
sequences and long-lasting legacies from the more natural forest stages of the past, 
e.g., slowly decaying pools of fallen deadwood (Lilja & Kuuluvainen, 2005) and 
delayed population responses to habitat degradation and loss, a phenomenon known 
as extinction debt (Hanski, 2000). 
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Degradation of habitat quality and the anticipated rapid warming of climate at high 
latitudes threaten to accelerate biodiversity loss and boreal carbon pool depletion in 
the near future (Gauthier et al., 2015; Moen et al., 2014). At some point, the ecosystem 
may cross critical transition thresholds, resulting in large-scale ecosystem state shifts. 
Beyond this point, sustainable management may no longer be possible (Gauthier 
et al., 2015). Such ecosystem state shifts, from a closed forest to low productivity 
open woodland, are already evident in some parts of the boreal zone because of 
repeated high-severity fires (Girard et al., 2008; Jasinski & Payette, 2005). 

As a response to ecosystem degradation, boreal forestry is confronted with 
increasing demands to restore structurally impoverished managed forests closer to 
their natural state of variability and complexity (Burton et al., 2010; Kuuluvainen, 
2009; Messier et al., 2013). This pressure is challenging traditional forest manage- 
ment approaches, particularly the sustained yield paradigm of sustainability. The 
application of ecosystem management in boreal forestry calls for a paradigm change 
toward large-scale restoration and more diversified management approaches inspired 
by natural forest structure and dynamics (Berglund & Kuuluvainen, 2021; Burton & 
Macdonald, 2011). 

In this chapter, we provide an overview of strategic concepts and approaches 
in boreal forest ecosystem restoration. We discuss under which circumstances the 
different approaches could be applicable and how to harness ecological knowledge in 
forest restoration and ecosystem management. The key strategic questions are: what, 
how much, and when to restore a forest to attain representativeness and continuity 
of native habitat types and ecological processes? However, the question of how to 
restore is an operational question that we do not address here. Finally, we discuss 
the importance of and prospects for forest restoration in the boreal zone in times of 
rapid climate change. 


17.2 Development of Strategic Thinking in Conservation, 
Restoration, and Ecosystem Management 


Restoration can be defined as a process aiding the recovery of degraded, damaged, 
or destroyed ecosystems toward their natural state. When we look into the past, 
it is possible to distinguish some broad developmental steps in conservation and 
restoration thinking, restoration concepts, and associated strategies reflecting the 
development of ecological science and an understanding of ecosystem structure 
and functioning (Fig. 17.1). The earliest strategic approach can be called forest- 
as-museum. 'This was founded on the Clementsian view of deterministic succession 
and its assumed natural and permanent static endpoint, the climax (Clements, 1916). 
According to this view, it was possible to protect or passively restore spectacular but 
often small remaining fragments of natural vegetation as examples of original local 
conditions. 
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Fig. 17.1 A simplified illustration of the development of some key strategic approaches and 
concepts underlying forest conservation, restoration, and sustainable management. Modified with 
permission of Informa UK Ltd. through PLSclear from Kuuluvainen (2017) 


However, because of the historical development of forest utilization and conser- 
vation, the remaining natural forest fragments are often too small and isolated to host 
their intrinsic dynamics and viable populations (Angelstam et al., 2020). Moreover, 
given the lack of proper conservation policies and planning, they are not representa- 
tive of the original habitat distribution, as they are mostly forests located on marginal 
and remote sites of low productivity where biodiversity is naturally low (Angelstam 
et al., 2020; Kuuluvainen et al., 2017; Lilja & Kuuluvainen, 2005). 

Such poorly connected and inadequately representative forest protection areas 
created a need to complement the conservation area network, where restoration of 
degraded forests and their connectivity played a central role (Halme et al., 2013; 
Ward et al., 2020); the ability of species to move between habitats was understood 
to be crucial for long-term viability of populations and must be taken into account in 
species conservation and restoration (Hanski, 2000; MacArthur & Wilson, 1967). 
This shift in thinking led to an emphasis on habitat quality and size, networks 
and connectivity, and, consequently, the spatial conservation planning necessary 
for ensuring a favorable conservation and viable populations within the habitats 
(Moilanen et al., 2011). Practical conservation measures in northern European 
forestry included the introduction of the landscape ecological planning framework 
based on the patch-corridor-matrix model (Forman 1995), the valuable key-habitat 
concept (Timonen et al., 2011), and retention-tree practices (Kuuluvainen et al., 2019; 
Simonsson et al., 2015). 

With mounting concerns of the impacts of climate change on boreal forests, 
there has been an increased focus on dynamic properties of forest ecosystems as 
the basis of biodiversity conservation, ecosystem resilience, and adaptive capacity 
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(Bengtsson et al., 2003; Rist & Moen, 2013). This approach emphasizes the self- 
organized dynamic complexity of ecological systems (Levin, 1998) as a basis for 
ecosystem management and planning (Messier et al., 2013). Forested landscapes 
have been described as complex adaptive systems at multiple dynamically inter- 
acting scales (Gunderson & Holling, 2001) driven by local disturbance regimes 
affected by environmental fluctuations and global change (Messier et al., 2013). 
This view embraces the properties of complex ecological systems, such as emer- 
gent properties, self-organization, resilience, and adaptability (Filotas et al., 2014; 
Gunderson & Holling, 2001; Holling, 2001). This approach emphasizes the impor- 
tance of the natural adaptive cycle in building evolutionary resilience (Sgro et al., 
2011) in restoration efforts and sustainable management. Interestingly, this echoes 
the early left-to-nature approach (Fig. 17.1) but now with a more robust ecological 
framework based on a novel understanding of the self-organization properties of 
ecosystems. 

Although no overarching theory of restoration has emerged, several concepts 
are closely linked to and widely used in the context of ecological restoration. These 
include, in particular, the established concepts of (1) natural (historical) range of vari- 
ation (NRV, Landres et al., 1999), (2) coarse- and fine-filter conservation management 
(Hunter, 1991, 1993), (3) natural disturbance emulation in forestry (Angelstam, 1998; 
Bergeron et al., 2002), (4) managing forests as complex adaptive systems (Messier 
et al., 2013), and (5) adaptive cycle and the concepts of panarchy (Gunderson & 
Holling, 2001). In the following section, we briefly explain these concepts and discuss 
them in relation to forest restoration with special reference to challenges brought by 
climate change. 


17.3 Importance of Reference Conditions 


Ecosystem restoration should ultimately be based on a thorough understanding of the 
structure and functioning of ecosystems and the habitat requirements and dynamics 
of species and communities. However, such knowledge of specific habitat require- 
ments of the thousands of species living in every single forest stand is, and always 
will be, limited (Kuuluvainen & Siitonen, 2013). Moreover, we do not often know to 
which past or current conditions the species have adapted. This situation is compli- 
cated further by the possibility of rapid eco-evolutionary adaptation in some species 
populations (Rice & Emery, 2003; Sgro et al., 2011). All this makes comprehen- 
sive species-by-species restoration challenging, if not impossible, and calls for more 
holistic approaches based on restoring habitats that emerge through the adaptive 
cycle. 

For example, in northern Europe, boreal forests have, for the most part, been 
strongly transformed by a long history of intensive utilization and (more recently) 
by modern intensive forestry (Kuuluvainen, 2009; Linder & Óstlund, 1998; Óstlund 
et al., 1997). In this situation, knowledge of conditions characterizing boreal forest 
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habitat types before the onset of intensive human usage is pivotal as a point of refer- 
ence for conservation and restoration (Berglund & Kuuluvainen, 2021). This refers 
to conditions where—acknowledging that humans have to some degree probably 
been omnipresent in all boreal forests throughout history (Josefsson et al., 2010)— 
human influence has been negligible, and natural forest structure and dynamics have 
prevailed (Brümelis et al., 2011). 

Itis worth noting that our understanding of reference conditions and their natural 
variation in boreal forests has been, to a large extent, revised by recent research 
(summarized in Berglund & Kuuluvainen, 2021). These new findings have impor- 
tant implications for answering the questions of what and how much to restore. For 
example, in boreal northern Europe, there has been a change from earlier percep- 
tions of universal even-aged forest dynamics driven by stand-replacing disturbances 
toward current knowledge highlighting the role of non-stand-replacing disturbances 
and the resultant prevalence of old forests with complex structures and dynamics 
(Berglund & Kuuluvainen, 2021). A similar revision of reference forest conditions 
has taken place in North America (Bergeron & Fenton, 2012). 


17.3.1 Natural Range of Variation 
and Coarse-Filter/Fine-Filter Management 


The natural (historical) range of variation (NRV) concept of ecosystems provides 
knowledge of their past distribution, structure, and dynamics (Landres et al., 1999). 
This information can be used as a reference for guiding forest management, conserva- 
tion, and restoration (Keane et al., 2009). The coarse- and fine-filter (CFF) approach 
builds upon a knowledge of NRV and separates two complementary strategies for 
sustaining ecosystems and their biodiversity. The coarse-filter strategy emphasizes 
the importance of maintaining natural ecosystem types and structures at large scales 
(Hunter, 1991, 1993). The assumption is that restoring or maintaining natural coarse- 
scale landscape conditions within a range to which the organisms are adapted will 
likely conserve most species and maintain sustainable ecosystems. The coarse-filter 
approach does not necessarily consider only reserves but rather recognizes ecolog- 
ical processes and the dynamic distribution of habitats across the entire landscape 
or region over time. The coarse-filter strategy has been recommended as a holistic 
approach, as it avoids the pitfalls of reductionist species-by-species planning (Table 
17.1). The latter approach is also severely restricted by the lack of knowledge of 
ecological habitat requirements for most forest-dwelling species. 

Complementary to this coarse-filter management, the fine-filter approach focuses 
on individual species or fine-scale elements of diversity, which are critical in 
conserving biodiversity and are not sufficiently accounted for by coarse-filter 
management. This fine-filter approach tries to safeguard, for example, those species 
that have very specialized habitat requirements or that do not tolerate any manage- 
ment actions and thus easily "fall through" the coarse filter. Thus, the fine-filter 
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Table 17.1 Comparison of different strategic approaches to forest conservation and restoration with 
indications of when a property is typical (positive) or not typical (negative) of a given restoration 
approach and when this relationship may be less strict (parentheses) 


Approach Static | Dynamic | Reductionist | Holistic | Multiple scales | Adaptive 


Forest-as-museum | + — — — — — 


Coarse/fine filter + (—) (+) + + (+) 


Disturbance-based | — 


Adaptive cycle = 


approach consists of developing specific conservation strategies for specific species 
that are considered to be at particular risk under the coarse-filter approach. An 
example of a fine filter could be the provision of nesting boxes for cavity-nesting birds 
and mammals when cavity trees are not available, e.g., because of forest management 
actions. 

The applicability of the coarse-filter/fine-filter approach depends on adequate 
knowledge of the past natural or historical conditions. Because of the long-term 
human impact, the protected forest fragments available as references may not be 
representative and large enough to harbor natural ecosystem structures, dynamics, 
and viable species assemblages (Lilja & Kuuluvainen, 2005; Nordén et al., 2013). 
In some cases, the system may have moved too far from its natural state to restore it 
to any past state (Hobbs et al., 2009; Jackson & Hobbs, 2009). 

Another assumption of the coarse-filter/fine-filter approach is that the dynamics of 
future environments will be similar grosso modo to those of past environments. The 
approach is thus static and therefore does not provide a means of adapting to future 
changing environmental conditions. Accordingly, the main criticism of this approach 
is that because of rapid global change, knowledge of past ecosystem conditions cannot 
serve to guide forest restoration under future conditions, conditions that entail the 
development of novel ecosystems (Hobbs et al., 2011; Keane et al., 2009; McDowell 
et al., 2020). On the other hand, we may assume that native species are adapted to 
past ecological conditions, and knowledge of species habitat requirements can guide 
restoration even when future conditions differ from those of the past (Keane et al., 
2009). 


17.3.2 Natural Disturbance Emulation 


Natural disturbance emulation (NDE) has become an important concept when aiming 
to implement the coarse-filter approach in forest ecosystem restoration and manage- 
ment (Angelstam, 1998; Bergeron et al., 2002; Berglund & Kuuluvainen, 2021; 
Kuuluvainen, 2009; Stockdale et al., 2016). Essentially, NDE is a strategy to imple- 
ment the coarse filter over time. Thus, the coarse-filter concept emphasizes main- 
taining natural broad-scale habitat structures, whereas NDE focuses on the distur- 
bance and successional processes and how to emulate them in forest restoration and 
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management over time. NDE recognizes disturbance dynamics as a critical driver 
in forest dynamics and biodiversity maintenance (Kuuluvainen & Grenfell, 2012). 
According to this approach, management actions, especially timber harvesting, are 
planned to emulate the structural outcomes of natural disturbances typical of the 
forest landscape to be managed. Special attention is paid to the outcomes of such 
management at multiple scales, from deadwood microsites to landscape patterns, to 
provide natural habitat variability for various organisms. 

Applying the NDE paradigm to forest restoration and management requires an 
adequate understanding of the past natural and potential future range of variation in 
forest structure and dynamics. Thus, itis possible to consider changes in forest distur- 
bance dynamics likely to take place in the future (Cyr et al., 2009). In this manner, 
the ongoing rapid shifts in forest dynamics because of global stressors and climate 
warming, increasing disturbances, and land-use changes can be, in principle, incor- 
porated into this approach. Moreover, natural disturbance can promote resilience by 
enhancing biodiversity and the ability of the ecosystems to resist or recover when hit 
by perturbations (Drever et al., 2006). 


17.3.3 Complex Systems Framework 


Traditionally, the boreal forest has been considered a simple system with few tree 
species and slow, predictable development. The complex systems approach chal- 
lenges this view (Burton, 2013; Levin, 2005). Any single stand of boreal forest 
in Fennoscandia is estimated to contain some 2,500 to 5,000 species, with a large 
number of complex trophic and nontrophic interactions (Kuuluvainen & Siitonen, 
2013). Thus, contrary to earlier perceptions, the boreal forest ecosystem holds a 
web of highly complex interactions (Burton, 2013), which in turn interact with the 
dynamic physical systems, such as climate and forest management. The boreal forest 
is, in essence, a complex system, and the goal should be to respect and restore this 
complexity (Drever et al., 2006; Filotas et al., 2014; Levin, 1998). This calls for a 
systems approach to the understanding, managing, and restoring of communities of 
trees and other plants, animals, and microorganisms that interact with their physical 
environment. 

The ecological complexity perspective yields several implications for forest 
restoration and ecosystem management. First, a holistic approach is compulsory 
because of the complexity of the system. In landscape restoration, for example, it 
is necessary to pay attention to the cross-scale interactions of spatial and temporal 
heterogeneity. Second, the applied conceptual models, e.g., NRV and NDE, and the 
available reference ecosystems must be adequate to address ecologically important 
details and variations in the ecosystem (Berglund & Kuuluvainen, 2021). Overly 
simplistic conceptual approaches, such as conventional even-aged stand manage- 
ment, easily overlook critical details and interactions at spatial scales higher (land- 
scape patterns) and lower (within-stand structures, microhabitats) than that of a tree 
stand (Kuuluvainen, 2009). Thus, management must address important structures 
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and processes at multiple scales, from decaying logs to landscape patterns of habi- 
tats (Puettmann, 2014). Third, forest ecosystems are always undergoing change, and 
they must be managed by considering their long-term dynamics in a warming climate 
(Gauthier et al., 2015). Biodiversity and resilience are ultimately based on the adap- 
tive cycle of disturbances and succession. Forests are indeed complex systems, and 
the challenge is to assimilate this complexity into forest ecosystem restoration and 
management (Messier et al., 2013). 


17.4 When Are Different Strategies Applicable? 


The applicability of specific restoration strategies and approaches is always sensitive 
to location and context (Fig. 17.2). Important issues are, first, how well the natural 
range of variability (NRV) and disturbance regime are known, and can we expect them 
to prevail as such in the future, or will they change (even radically), for example, 
because of climate change. Second, it is important to know the degree to which 
the restoration process is controllable. The lack of controllability may be because 
of a poor understanding of intrinsic system dynamics, e.g., in the case of novel 
ecosystems, or a shortage of managerial resources to carry out monitoring and control 
measures when needed. 

In an ideal situation, NRV is well known and restoration is well controlled; 
then, it is possible to define specific targets and implement measures to obtain them 
(Fig. 17.2). Such a situation can be exemplified by developed countries like Sweden 
and Finland, which have both the research knowledge of reference systems and the 
resources to carry out and control the restoration process (Kuuluvainen & Siitonen, 
2013). 

If the controllability of restoration processes is high, but NRV is poorly under- 
stood, it becomes possible to apply a passive restoration based on ecosystem self- 
organization, or a coarse-filter/fine-filter approach based on a general knowledge 
of NRV (Clewell & McDonald, 2009). Such a situation can be typical in southern 
boreal forests, where reference systems are lacking because forests have been used for 
various purposes for hundreds (even thousands) of years. Finally, when the controlla- 
bility of the restoration process is low, an adaptive management approach is preferable 
irrespective of the level of local knowledge of NRV. If the level is high, then NDE is 
applicable, and if the level is low, the robust coarse- and fine-filter approach can be 
used (Fig. 17.2). Restoration also needs to employ self-organization and be prepared 
for surprises and the emergence of novel species communities (Hobbs et al., 2011). 

At large scales, the goal of restoration is typically to achieve a favorable conser- 
vation status for native ecosystem types—including the range of stages of forest 
succession—and their species assemblages over time. The measures to attain this 
goal depend not only on the properties of the area to be restored but also on the 
quality of the surrounding area (the forest matrix) (Fig. 17.3). This highlights that 
no restoration occurs in isolation and that a favorable conservation status can be 
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Fig. 17.2 Illustration of different forest restoration strategies in relation to the controllability of 
the restoration process and the level of understanding of the natural or historical range of variation 
(NRV). 7 When knowledge of NRV and controllability are both high, natural disturbance emulation 
is feasible. 2 When both the knowledge of NRV and controllability are low, it remains possible to 
practice adaptive coarse-filter/fine-filter management by applying a general understanding of NRV 
features. 3 Situations where knowledge of NRV is high but controllability is low favors use of an 
adaptive management approach to natural disturbance emulation. 4 A situation of low knowledge 
of NRV but high controllability allows applying a coarse-filter/fine-filter approach based on general 
understanding of NRV within similar systems. Modified from Allen et al. (2011) with permission 
from Elsevier 


attained through different combinations of the managed matrix and core protected 
habitat, depending on their ecological quality. For example, if the forest matrix is 
under intensive plantation-type management and its habitat quality is low and does 
not provide habitat for native species, more pressure is put on restoring the full range 
of habitat and ecosystem types in the restored area (Fig. 17.3; Berglund & Kuulu- 
vainen, 2021). On the other hand, if the matrix is managed on the basis of ecological 
forestry principles (Franklin et al., 2018), less intensive restoration may be required 
to obtain a favorable conservation status. 


17.5 Adaptive Cycle and Adaptive Capacity: 
A Comprehensive Restoration Framework Under 
Climate Change Conditions 


The adaptive cycle provides a universal metaphor and framework for describing and 
understanding long-term dynamics and change in complex socioecological systems 
(Fig. 17.4; Gunderson & Holling, 2001). The adaptive cycle is thought to be central 
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Fig. 17.3 Attaining the favorable conservation goals in restoration requires a landscape- or region- 
wide approach that includes both the area to be restored and the surrounding managed forest matrix. 
The level of biodiversity conservation can range from secured (green) to poorly secured or threat- 
ened (red). A reasonably favorable conservation status (green—red transition) can be achieved 
through various combinations of restored core area and ecosystem-based management of the 
surrounding managed landscape matrix. Modified by permission of Island Press, Washington, DC 
from Lindenmayer and Franklin (2002) Conserving Forest Biodiversity. Copyright © 2002 by the 
authors 


to the endogenous processes of self-organization and evolution of complex systems 
through time (Levin, 1998, 2005). The widespread distribution of the adaptive cycle 
in ecosystem dynamics has been confirmed in many studies (Sundstrom & Allen, 
2019). Thus, the adaptive cycle is useful as a conceptual model for management and 
restoration purposes, as it simplifies highly complex system behavior into four ubiq- 
uitous phases in ecosystem dynamics: (1) growth and development, (2) conservation, 
(3) release, and (4) reorganization. Most importantly, the adaptive cycle explains how 
ecosystems adapt to changing environmental conditions at multiple scales, a property 
necessary during periods of climate change. We suggest that the adaptive cycle and its 
extension, the nested adaptive cycle (panarchy), provide a comprehensive strategic 
ecological and evolutionary framework for forest ecosystem restoration (Fig. 17.4; 
Gunderson & Holling, 2001). 

For forest restoration to be successful over the long term, a holistic approach is 
necessary where all four stages of the adaptive cycle and their dynamics are consid- 
ered in relation to each other (Fig. 17.4; Box 17.1). This holistic approach stresses 
managing and restoring the naturally occurring processes and dynamics in the land- 
scape. Forests are therefore allowed to complete full disturbance-succession cycles, 
from post-disturbance conditions to old-growth forest (Fig. 17.4). A landscape can 
also host multiple types of cycles depending on disturbance type. An example is 
provided by beaver pond dynamics, which can interact with and be embedded in the 
forest disturbance cycle (Box 17.2; Kivinen et al., 2020; Nummi & Kuuluvainen, 
2013). 
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Fig. 17.4 Illustration of a typical adaptive cycle in the boreal forest with four stages: release, 
fire (£2), reorganization (o), exploitation (r), and conservation (K). Such adaptive disturbance— 
succession cycles create the dynamic NRV that enables the adaptation of the ecosystem to changing 
environmental conditions. To become a useful strategic model in restoration and sustainable manage- 
ment, this conceptual model needs to be translated into a quantitative model based on knowledge of 
NRV, including the emulation of the natural disturbance regime. Photo credits Timo Kuuluvainen 


Box 17.1: The Four Stages of the Adaptive Cycle (Gunderson & Holling, 
2001) 

Release, Q Periodic disturbances are necessary to maintain habitat variation 
and biodiversity. Disturbances are also essential for the adaptive cycle, as they 
release growth resources and space and create critical post-disturbance struc- 
tures, such as abundant deadwood and complex stand structures (Johnstone 
et al., 2016). The natural disturbance emulation approach is based on these 
notions and provides methods of implementing disturbance into forest restora- 
tion. The key NRV properties are the type, severity, size, and frequency of 
disturbances. 


Reorganization, o This is a crucial stage of ecosystem dynamics promoting 
the adaptive capacity of the ecosystem to be restored. Here the critical process 
is the post-disturbance reassembly of the ecological community, as determined 
by the introduction or availability of new species and genotype assemblages, 
which through competition form novel communities potentially better adjusted 
to changing environmental conditions. This facilitates the system's adaptation 
to novel conditions, such as a warming and drying climate (Gauthier et al., 
2015). 
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Exploitation, r 'This part of ecosystem dynamics is perhaps most often 
addressed in restoring damaged or degraded ecosystems, as it represents the 
early-successional phase. Important natural processes in the adaptive cycle 
of ecosystems are the self-organization of species assemblages—through 
space filling and competitive self-thinning through multiple successional 
pathways—and the longevity of the successional processes at the landscape 
scale. 


Conservation, K This refers to the mature and late-successional phase where 
growth resources are tied to standing biomass, and changes in vegetation struc- 
ture are slight and take place at a small scale. Here, the traditional example 
is old-growth forests and their restoration and conservation. Important NRV 
variables are the variation of old-growth types, their structure, and the areal 
proportions of old-growth forest in the past and present. 


The adaptive cycle is closely related to and feeds on biodiversity (Fig. 17.5). 
The two main interrelated restoration goals are maintaining native biodiversity 
and keeping the adaptive cycle in operation to provide a continuity of habitats 
through disturbance and succession (Fig. 17.4). If successful, both goals will 
contribute to forest resilience and adaptive capacity. Resilience here means 
an ecosystem’s resistance to disturbance (short-term) or its ability to recover 
when perturbed (medium-term). Adaptive capacity denotes the ecosystem’s 
(long-term) evolutionary adaptive potential (Sgro et al., 2011). 
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17.6 Strategic Questions: What, How Much, and When 
to Restore? 


In practice, ecosystem types are often defined as comprehensive vegetation commu- 
nities, or habitat types, which are used as proxies to represent natural ecosystems 
and their dynamics (Landres et al., 1999). The goal of restoration is the recovery 
of a favorable conservation status of all native ecosystem types and their natural 
dynamic stages in terms of the adaptive cycle (Fig. 17.4). At a large scale, this 
requires answers to three strategic questions: (1) What to restore? (2) How much to 
restore? (3) When to restore? The operational question, How to restore? must also be 
answered; however, most texts on restoration focus on this last question, and, from 
a policy and planning point of view, the three first questions are more important. 


(1) What to Restore? This is a strategic question, as we can focus on restoring, for 
example, species, populations, communities, habitats, or full ecosystems at different 
scales. This chapter deals with forest ecosystem restoration, which requires an under- 
standing of the ecosystem types and their intrinsic dynamics over time, as defined 
by the four stages of the adaptive ecosystem cycle (Fig. 17.4). This requires a classi- 
fication of the ecosystem types to be restored (Fig. 17.6; Berglund & Kuuluvainen, 
2021). Such a classification of forest ecosystem types could be based, for example, on 
soil fertility and moisture, tree species composition, disturbance origin, and succes- 
sional stage, or a combination of these. The classification of ecosystem types should 
capture the essential features of NRV but also restrict the number of classes to allow 
their application in practical restoration (Fig. 17.6). 

It should also be understood that some ecosystem types and dynamics may have 
completely disappeared; the question then is whether their restoration is possible and 
reasonable (Jackson & Hobbs, 2009). An example is provided by the most fertile 
herb-rich forest sites, which have been transformed into agricultural fields across 
most of Europe. Another interesting case is beaver-modified habitats in boreal forest 
landscapes (Box 17.2). 


(2) How Much to Restore? This question urges managers to define how much 
should be done to achieve a favorable conservation status of native ecosystem types 
(Fig. 17.6). Answering this question requires estimating the natural or historical 
proportions of ecosystem types (NRV) and comparing them with their current extent 
(Angelstam & Andersson, 2001; Berglund & Kuuluvainen, 2021). This approach 
allows the quantification of shortcomings in the representativeness of different 
ecosystem types and their dynamic stages (gap analysis; Berglund & Kuuluvainen, 
2021). However, setting quantitative targets for the representativeness and dynamics 
of ecosystem types over time—to secure a favorable conservation status—is a tricky 
question (Bengtsson et al., 2003). 

To answer the question, How much to restore? typical values derived from ecolog- 
ical theory have referred to, for example, 20%-50% of original habitat cover (Angel- 
stam & Andersson, 2001; Berglund & Kuuluvainen, 2021; Fahrig, 2001; Hanski, 
2011; Wilson, 2016). Naturally, the issue is more complicated, including questions 
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involving spatial and size distributions, temporal dynamics, and connectivity, all of 
which affect the conservation function of the habitat network (Angelstam et al., 2020; 
Ward et al., 2020). For example, restoring the growth phase (Fig. 17.4) requires 
information about the variation in successional pathways and their longevity and 
stand self-organization, as determined by the reference disturbance regime (Fig. 17.6; 
Kuuluvainen, 2009). 


(3) When to Restore? Securing the Adaptive Cycle The question, when to restore? 
refers to the need to secure the continuity of key ecological processes and functioning 
of the adaptive cycle (Fig. 17.4). This can be realized by emulating the structure— 
dynamics cycles in management (Fig. 17.6). In some situations, the adaptive cycle 
can be restored and maintained without intervention. This could be the case, for 
example, in old humid spruce forests where autogenic disturbances and small-scale 
gap dynamics are driving the adaptive cycle. On the other hand, if an important 
natural disturbance driver such as fire is suppressed, it may be necessary to use fire 
as a restoration tool or at least emulate fire impacts in restoration cuttings to maintain 
the natural-like habitat distribution and the functioning of the adaptive cycle over 
time (Berglund & Kuuluvainen, 2021; Vanha-Majamaa et al., 2007). 

To answer the three strategic questions discussed above, one can use strategic 
models to plan how to maintain favorable habitat status and dynamics through space 
and time (Fig. 17.6; Kuuluvainen & Grenfell, 2012). However, only a few specific 
strategic models have been proposed to transform strategic restoration principles into 
practical management solutions that also consider the adaptive cycle. These models 
include the multicohort model (Bergeron et al., 2002), the ASIO model (Angelstam, 
1998) discussed in Kuuluvainen and Grenfell (2012) and Kuuluvainen (2017), and 
the revised-ASIO model proposed by Berglund and Kuuluvainen (2021). 


(4) How to Restore? This operational question is most commonly addressed in 
restoration, which is a practical undertaking, and it is dealt with in many papers and 
textbooks (e.g., Allison & Murphy, 2017; Halme et al., 2013). Because the focus 
of this chapter is on strategic choices, we do not go into detail here. Some prac- 
tical and tactical methods are described elsewhere (Kuuluvainen, 2017). However, 
the key issues are to strive for representativeness and favorable conservation status 
of the various phases of the adaptive cycle in different ecosystem types (Fig. 17.2; 
Berglund & Kuuluvainen, 2021). For example, if conservation has focused on old- 
growth forests, there may be a shortage of natural early-successional open-canopied 
forests that would secure ecological communities adapted to such habitats (Swanson 
et al., 2011). On the other hand, restoring old-forest habitat features, such as dead- 
wood structures, may be urgent if there is a lack of old-growth forest. What the adap- 
tive cycle framework emphasizes, however, is the restoration of the dynamic conti- 
nuity of all-natural habitat types to provide ecological and evolutionary resilience 
provided by the adaptive cycle (Figs. 17.2 and 17.5). 
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Box 17.2 Beaver: A Keystone Disturbance Agent of Boreal Landscapes 


In the boreal forest, beavers (Castor canadensis and C. fiber) provide an 
example of a keystone ecosystem modifier (Johnston, 2017) extirpated from 
many parts of the boreal zone because of heavy exploitation for the animal's 
fur. Beavers are now returning to many parts of their original range in Eurasia 
and North America (Halley et al., 2021; Whitfield et al., 2015). This renewal 
provides a possibility of restoring former beaver habitats and their dynamics at 
landscape scales. Some beaver-affected areas may comprise up to 26% of the 
landscape (Naiman et al., 1988); in the boreal region, however, it is normally 
much less, e.g., 2.8% (Parker et al., 1999). 


The power of ecological engineering by beavers is based on their ability to build 
dams (Johnston, 2017). The damming of creeks and ponds creates wetland 
habitats and successional pathways that otherwise would not exist in many 
boreal landscapes (Feldman et al., 2020). The beaver is unique in terms of its 
role in flooding riparian forests and transforming terrestrial habitats into aquatic 
ones. When beavers abandon a pond and the dam collapses, the terrestrial 
habitat returns. For both events, an early-successional stage is created. 

Within a boreal forest matrix, beaver flooding can be viewed as a patch 
disturbance (Johnston & Naiman, 1990; Nummi & Kuuluvainen, 2013; Remil- 
lard et al., 1987). Whereas disturbances such as fire and windstorms mainly 
strike upland forests, beavers most pronouncedly affect lowland riparian stands. 
Fires and storms are very stochastic events, having local return times of tens to 
hundreds of years. In contrast, beaver disturbance in an active beaver landscape 
is more predictable, both spatially and temporally (Nummi & Kuuluvainen, 
2013). 


Kivinen et al. (2020) recently studied the effect of beavers on landscape hetero- 
geneity in Finland using data ofthe yearly occupancies of beavers in a landscape 
over half a century. During this time, beavers colonized the landscape, and the 
number of beaver sites increased from 6 to 69. What is noteworthy in this boreal 
setting, however, is that at certain points, the amount of flooded land was much 
less than observed in more temperate areas (Naiman et al., 1988). Rather, the 
cumulative number of beaver-affected sites increased steadily. Along with this 
increase, different processes occurred, affecting the distribution and proper- 
ties of the riparian habitats (Kivinen et al., 2020). First, the distance between 
beaver sites declined, and Aot spots of spatially clustered beaver sites were then 
formed (Kivinen et al., 2020). 


The biodiversity-enhancing impact of beavers relates to how they facilitate the 
establishment of numerous organisms (Stringer & Gaywood, 2016). Various 
species and species groups benefit from the different successional stages asso- 
ciated with beaver sites; these taxa benefiting from flooding phases include 
invertebrates (Bush et al., 2019; Nummi et al., 2021), frogs (Dalbeck et al., 
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2007), and water birds (Nummi & Holopainen, 2014). In the terrestrial system, 
beaver-affected processes include the riparian forest becoming more domi- 
nated by deciduous trees after flooding (Hyvónen & Nummi, 2008). This shift 
in vegetation is notable because herbivores normally push forests toward a 
more coniferous direction because of the foraging preference of herbivores 
on deciduous trees. Greater amounts of deciduous trees benefit animals such 
as moose (Nummi et al., 2019) but also beaver itself when it reoccupies 
sites (Labrecque-Foy et al., 2020). Beaver flooding also creates deadwood 
(Thompson et al., 2016). Beaver sites may contain different-sized deadwood 
resulting from consecutive floods (Kivinen et al., 2020), and the presence 
of beavers in the landscape results in spatiotemporal deadwood continuity 
(Thompson et al., 2016). 


17.7 Conclusions 


The rapid loss of global forest area and degradation of forest ecological conditions 
because of global change (Gauthier et al., 2015; McDowell et al., 2020) have evoked 
an urgent need to develop and apply ecologically sound restoration and sustainable 
management approaches that can be applied to various situations and scaled over 
large areas (Angelstam et al., 2020; Berglund & Kuuluvainen, 2021; Kuuluvainen, 
2017). Over time, different approaches to conservation and restoration have been 
proposed, reflecting the increasing understanding of forest ecosystems and their 
intrinsic structure and dynamics (Fig. 17.1). 

Forest restoration strategies and tactics should be based on an ecological and 
evolutionary understanding of long-term ecosystem structure and dynamics (Rice & 
Emery, 2003; Sgró et al., 2011), as the species, communities, and ecosystems being 
restored have emerged via evolutionary processes operating under past environ- 
mental conditions. The assembly of species and communities in ecosystems is by 
and large regulated by properties of the prevailing disturbance-succession cycles 
and the resulting habitat mosaic structure at multiple scales (Johnstone et al., 2016). 
Therefore, a holistic understanding of ecosystem structure and function at multiple 
scales is necessary to set tangible restoration targets and effective actions. 

In a time of climate change, the adaptive capacity of ecosystems should become the 
fundamental strategic priority and guiding principle of ecological restoration. This 
requires viewing and understanding forests as complex adaptive systems where the 
most important long-term goal is to restore and maintain the favorable conservation 
status of habitat types and the native adaptive cycles driven by the cyclic dynamics 
of forest disturbance and succession (Fig. 17.4). 
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Abstract Mixed-severity disturbances have historically shaped boreal forests, 
creating a dynamic mosaic landscape. In Fennoscandia, however, intensive even- 
aged forest management has simplified the forest landscape, threatening biodiversity. 
To safeguard this biodiversity, we therefore need to restore structural complexity 
in hitherto managed forests. Knowledge generated from relevant case studies on 
natural disturbance emulation—based ecological restoration suggests that prescribed 
burning positively affects many early-successional organisms. Gap cutting bene- 
fits some insects and wood fungi but has a limited effect on birds, bryophytes, 
and vascular plants. Restoration of deciduous forests appears to benefit light- and 
deciduous tree—associated insect species and some forest birds. 
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18.1 Background 


18.1.1 Natural Disturbance 


Both large-scale and small-scale disturbances have shaped boreal forests. Large- 
scale disturbances include, for example, fire, windstorms, and insect outbreaks, all 
believed to be important forces structuring the boreal forest (Attiwill, 1994; Bonan & 
Shugart, 1989; Kuuluvainen & Aakala, 2011). Small-scale disturbances, such as gap 
dynamics, local flooding events, smaller windthrow events, and localized insect and 
fungi damage, contribute to creating a dynamic mosaic boreal landscape with many 
ecological niches (Berglund & Kuuluvainen, 2021). This spatiotemporal variability 
has structured boreal communities and maintains the typical biodiversity of these 
ecosystems (see Chap. 19 for details). 


18.1.2 Forestry 


Current forestry practices in boreal Fennoscandia are highly mechanized and domi- 
nated by even-aged forest management where the typical management unit, the 
forest stand, is most often a few hectares in size (Fig. 18.1). Active management 
that promotes conifers and actively removes deciduous trees during thinning has 
created homogeneous stands with reduced tree species diversity and has led to the 
loss of ancient trees. Changes in forest structure and dynamics can be seen as trans- 
forming formerly complex forest ecosystems characterized by considerable vari- 
ations in habitat type, including vertical structure, tree species composition, age 
distribution, and deadwood dynamics, into simplified forest habitats (Esseen et al., 
1997; Kuuluvainen, 2009). Commercially managed forests are also denser, have less 
variation in tree height, and are less permeable to sunlight than natural forests. For 
example, stand-level timber volumes in Sweden have increased 40%-80% since the 
1950s (SLU, 2012), and this increase has led to an impoverished flora and fauna of 
species associated with sun-exposed conditions and deciduous broadleaf trees (Berg 
et al., 1994; Bernes, 2011). 

Fire was the predominant large-scale disturbance in boreal forests; however, as 
Observed in most areas of Fennoscandia, fire frequency has dropped dramatically 
during the past century because of effective fire-suppression measures (Zackrisson, 
1977). For example, less than 0.0296 of the forest area burns each year in Sweden 
compared with approximately 1% before CE 1900 (Granstróm, 2001; Zackrisson, 
1977). Many boreal species are strongly favored by fire or prefer charred substrates 
(Granstróm & Schimmel, 1993), and some fire-associated species reproduce almost 
exclusively in burned forest, including many invertebrate species and fungi (Heikkala 
et al., 2017; Kouki & Salo, 2020). 

The reduced habitat diversity is considered a key factor behind the species' decline 
in managed boreal forest ecosystems (Buddle et al., 2006; Hjältén et al., 2012; 
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Fig. 18.1 Forest stand subjected to clear-felling and stump harvest. Photo credit Jon Andersson 


Jonsson et al., 2005; Kouki & Salo, 2020; Kuuluvainen, 2009; Paillet et al., 2010; 
Siitonen, 2001; Stenbacka et al., 2010). Forests are the most important habitat for 
red-listed and threatened species in Sweden and Finland. In Finland, 32% (2,133 
species) of red-listed species are forest dwelling (Hyvärinen et al., 2019). Similarly, 
43% (2,041 species) of the red-listed species in Sweden are forest dwelling (Artdata- 
banken, 2020). The species most negatively affected by silviculture are old-growth 
specialists dependent on a long forest continuity and old trees and species associated 
with deciduous trees (Artdatabanken, 2020; Bernes, 2011; Hyvárinen et al., 2019). 
Efforts to mitigate these adverse effects on biodiversity have been introduced to limit 
the harmful effects of the prevailing forestry practices on species and habitats. 


18.1.3 Mitigation Strategies 


Over the last three decades, Fennoscandia has experienced an increased interest in 
a forest management approach that aims to mitigate the negative effects of forestry 
on biodiversity. This change has come about through a combination of updated 
legislation, e.g., the Finnish Forest Act updated in 2014 and the Swedish Forestry 
Act updated in 1993, revised management recommendations in forestry, and higher 
consumer awareness that demands products from environmentally certified forestry, 
such as the Forest Stewardship Council (FSC) and the Programme for the Endorse- 
ment of Forest Certification (PEFC). Currently, the forest industry is required to 
apply a variety of conservation measures to improve conditions for biodiversity to 
fulfill certification demands and legal requirements (Johansson et al., 2013). In boreal 
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regions, these measures include setting forest stands aside from ordinary forestry, 
leaving buffer zones of trees alongside wetlands and water bodies, leaving snags 
and logs on clear-cuts, and also actively creating deadwood in connection to final 
harvesting (Gustafsson et al., 2012; Johansson et al., 2013); the latter measure often 
occurs in the form of artificially created high stumps of trees. The prescribed burning 
of clear-cuts and, to some extent, standing forests are also included in the Swedish 
FSC standard (FSC, 2020). Although these efforts may increase the availability of 
vital forest habitat structures, they are likely insufficient to sustain viable popu- 
lations of all forest-dwelling species (Johansson et al., 2013). Moreover, formally 
protected forests have increased in area in both Sweden and Finland (Hohti et al., 
2019), albeit very slowly. Despite these efforts, the Swedish environmental objec- 
tives of “a rich diversity of plant and animal life" and “a living forest" are not being 
fulfilled, as shown by, for example, the high number of threatened species in the 
forest landscape (Naturvárdsverket, 2019). One reason for the lack of progress in 
biodiversity conservation may be that a large part of the currently protected forest 
areas was managed before becoming established as reserves. Consequently, they do 
not contain forest habitats or forest legacies that would prevail in a corresponding 
truly natural forest. For example, in Finland, about half of the protected forests in the 
southern part of the country are young, often less than 100 years old, and were inten- 
sively managed—including clear-cutting in many cases— before being established 
as reserves. 


18.1.3.1 Why Restoration? 


Since very few unmanaged forest habitats remain globally, including in 
Fennoscandia, conserving biodiversity can no longer rely on passive conservation 
measures, i.e., setting aside conservation areas under a free-development philosophy 
to reach conservation goals (Aronson & Alexander, 2013; Millennium Ecosystem 
Assessment, 2005). To achieve conservation goals, we require methods for restoring 
hitherto managed forest and applying an active management of forest reserves. 


18.1.3.2 How to Restore? 


It has been argued that reintroducing natural disturbances, referred to as natural 
disturbance emulation (NDE), is an ideal management approach when restoring 
natural systems (Attiwill, 1994; Kuuluvainen, 2002; Lindenmayer et al., 2006). In 
Fennoscandian boreal forests, appropriate NDE restoration efforts should include 
both large- and small-scale disturbances, e.g., introducing fire through prescribed 
burning and emulating gap dynamics by creating gaps in the canopy and gener- 
ating coarse woody debris (CWD; Kuuluvainen, 2002). Both restoration methods 
accelerate the production and structural variability of CWD (Hekkala et al., 2016; 
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Kuuluvainen, 2002; Laarmann et al., 2013) and create more diversified forest habi- 
tats. The conceptual and practical aspects of NDE in the boreal forest are elaborated 
further in Chap 19. 

A major challenge in forest restoration is that identifying and emulating natural 
disturbances is not always straightforward. These co-occur at different spatial and 
temporal scales, and it appears evident that natural disturbances per se can experience 
shifts in disturbance regimes, e.g., because of climate effects, or can present context- 
specific patterns related to soil or topographical factors. If specific natural disturbance 
processes have almost completely disappeared from managed forests, then restoring 
any of such features should be beneficial. Fire is an excellent example in this context 
for situations where fires have been completely suppressed from managed forests. 
Although it may be challenging to fully restore fire disturbances or fire regimes over 
large landscapes and at different time scales, the reintroduction of fire, even within 
small areas or in young forests (Hágglund et al., 2015; Hekkala et al., 2014a; Hjältén 
et al., 2017), can have rapid and beneficial effects on species. However, it is also 
clear that the benefits differ depending on the regional and local conditions (Kouki 
et al., 2012). 

Additionally, as NDE is often introduced into landscapes containing both managed 
and protected areas, the actual restoration method may need to be adjusted accord- 
ingly. In situations where land-sharing prevails, a gradient of restoration methods 
can be implemented so that full NDE is likely only in the protected areas, whereas 
more nuanced measures may be more applicable to the managed parts of the land- 
scape where timber production may continue to be the dominant land use. Overall, 
the difficulty of having a realistic NDE model (but see Chap. 19) and incorporating 
any existing limitations associated with prevailing land-use patterns and land-use 
history is that this quickly leads to applying a low- to high-intensity NDE gradient 
among the various landscapes. It is clear, however, that there are no general ecolog- 
ical principles or practical guidelines on how to achieve the optimal combination of 
different NDE methods in such a landscape mosaic. Achieving this requires a better 
understanding of specific case studies that can highlight how restoration can occur 
in an ecologically effective manner. 


18.2 NDE of Large-Scale Disturbances: Prescribed Burning 


Wildfires are major natural disturbances across the boreal region (Bonan & Shugart, 
1989; Kouki et al., 2012; Kuuluvainen & Aakala, 2011). Because fires have been 
suppressed in many intensively managed landscapes, the reintroduction of fire is a 
promising method for NDE, and prescribed burning is required by the Swedish and 
Finnish FSC certification standards (FSC, 2020). Relative to many other restoration 
methods, prescribed burning is generally technically more challenging to apply. For 
example, prescribed restoration burns require large numbers of skilled fire managers 
and for the fires to be set during specific weather conditions. Furthermore, prescribed 
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fires always involve a safety risk, and it is also not exactly certain how prescribed 
burns should be conducted to mimic natural disturbance conditions. 

Prescribed burning of clear-cut areas is a traditional management method in 
forestry in Fennoscandia (Fig. 18.2). Its primary purpose is to modify soil prop- 
erties and promote the establishment of a new tree cohort; however, the method was 
abandoned because of pest- and pathogen-related damage and high labor costs. There- 
fore, this technique was replaced by mechanical site preparation methods (Lóf et al., 
2015). Methods of prescribed burning for ecological restoration vary and involve 
different levels of tree retention. A few recent experiments have explored the effects 
of prescribed burning on biodiversity patterns. Most of these studies have included 
various types or intensities of tree harvests combined with prescribed burns; however, 
some studies also included comparisons with other restoration methods. The conse- 
quences of prescribed burns have been monitored, at least, for birds, beetles and other 
invertebrates, wood-associated and other macrofungi, vascular plants, bryophytes 
and lichens, and tree seedlings. The treated forest stands typically cover 2 to 25 ha 
and can be regarded as large-scale experiments in a Fennoscandian context. 


Fig. 18.2 Prescribed burn of a forest stand as part of an ecological restoration experiment in Sweden 
(see e.g., Hägglund et al., 2020; Hjältén et al., 2017; Versluijs et al., 2017) Photo credit Joakim 
Hjältén 
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18.2.1 Response of Insects and Fungi 


The effect of fire on biodiversity patterns and forest dynamics is generally always 
strong and immediate. For example, beetle assemblages are altered dramatically 
when a forest is burned. This change is evident regardless of the level of harvesting 
(Hyvärinen et al., 2005) or the amount of fuelwood created (Hekkala et al., 2014a). 
Notably, the use of fire appears to favor rare and threatened coleopteran species. 
For example, Hyvärinen et al. (2006) found that a forest stand burned in Finland 
immediately harbored about four times more rare or threatened beetle species than 
comparable unburned forest stands. Thus, fire has a significant biodiversity conserva- 
tion effect, as these species are usually the rarest of all threatened species and are in the 
most urgent need of conservation actions. Hekkala et al. (20142) observed, however, 
that the initial and rapid increase in the richness of saproxylic and fire-dependent 
beetle species declined to pretreatment levels only a few years after a prescribed 
burn. Thus, they suggest that fire should be introduced into neighboring areas at 
five-year intervals to maintain populations of the most fire-dependent pyrophilous 
species (Hekkala et al., 2014a). 

The prescribed burning of spruce-dominated forests in Sweden also revealed a 
strong short-term effect on saproxylic assemblages and an increase in species rich- 
ness and abundance of several functional groups of beetles and flat bugs (Hágglund 
et al., 2015, 2020; Hjältén et al., 2017). Fire-favoring and fire-dependent beetles and 
flat bugs benefit in particular from prescribed burns (Hágglund et al., 2015, 2020). 
Contrary to the results from Finland, however, no strong short-term effect on red- 
listed species has been detected. A possible explanation for these differing outcomes 
is that the effects of prescribed burns depend on landscape quality. In landscapes with 
a long history of intensive management and fire suppression, the insect community 
may be impoverished, making it more difficult for threatened fire-dependent species 
to find and colonize burned sites (Johansson et al., 2013; Kouki et al., 2012). This 
underlines the importance of considering both temporal aspects and landscape in 
restoration planning. 

Prescribed burns of coniferous stands affect tree mortality and thus modify the 
dynamics of resources available for species (Hämäläinen et al., 2016; Heikkala et al., 
2014). A decadal follow-up study of the same sites of Hyvárinen et al. (2006) showed 
that beetle assemblages remained more diverse on burned sites (Heikkala et al., 2016). 
However, several obligate fire-associated species were very ephemeral in their occur- 
rence within the burned stands. Flat bugs are good examples of this phenomenon. 
They were observed to efficiently colonize the burned forests (Hágglund et al., 2015; 
Heikkala et al., 2017), but they also disappeared only a few years after the fire 
(Fig. 18.3; Heikkala et al., 2017). 

Macrofungi also presented several similar fire-associated species taxa that colo- 
nized quickly after a fire but then also disappeared rapidly from the assemblages, and 
several soil fungi were noted during the initial years after a wildfire or prescribed 
burn (Salo & Kouki, 2018; Salo et al., 2019). Contrary to soil fungi, wood-associated 
fungi responded to fire over a much more extended period and typically required a 
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Fig. 18.3 Assemblage dynamics of fire-associated flat bugs (Aradus spp.) after forest harvests 
with burning (black circles) and after harvests without burning (white circles). Analysis is based 
on nonmetric multidimensional scaling (NMDS); assemblages sharing a similar composition are 
clustered together. Circles also include survey years: pretreatment (2000) of harvests and burning) 
and post-treatment survey years (2001—2003). Fire-associated species quickly colonized the burned 
areas in 2001; however, these species also disappeared quickly in 2002-2003, and the assem- 
blage became similar to unburned sites. Modified with permission from John Wiley and Sons from 
Heikkala et al. (2017). Photo credits Petri Martikainen 


decade or longer to become established (Junninen et al., 2008; Salo & Kouki, 2018; 
Suominen et al., 2015). The effect of fire was nevertheless very evident for these 
species. For example, even the stumps of harvested trees maintained a higher species 


richness for wood-associated fungi when the stumps were burned (Suominen et al., 
2018). 


18.2.2 Response of Vegetation and Pollinators 


Boreal forest vegetation, dominated by coniferous trees (Picea abies (L.) H. Karst. 
and Pinus sylvestris L.) and dwarf shrubs such as Calluna spp., Vaccinium vitis-idaea 
L., and V myrtillus L., is highly resilient and adapted to recurrent natural disturbances 
(Rydgren et al., 2004; Zackrisson, 1977). Depending on their intensity and magni- 
tude, disturbances can affect the composition of the vegetation so that it resembles 
earlier stages along the successional path. Fire is the most intense natural distur- 
bance, which may remove late-successional dwarf shrubs, mosses, lichens, and trees 
and replace them with seed-dispersing birch and other pioneer species (Schimmel & 
Granstróm, 1996). Restoration experiments of varying fire intensity confirm this 
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pattern and show that severe prescribed burning is most effective at initiating natural 
vegetation succession, whereas tree felling varies in its impact on the vegetation 
composition depending on the number of felled trees (Espinosa del Alba et al., 2021; 
Hekkala et al., 2014b; Johnson et al., 2014; Tatsumi et al., 2020). The effect of fire 
appears very organism dependent, and the time for recovery after disturbance can 
vary accordingly. Espinosa del Alba et al. (2021) show that ground-living bryophytes 
are severely adversely affected by prescribed burning and that the bryophyte commu- 
nity had yet to recover eight years after a fire. In contrast, after an initial decrease, the 
species richness of vascular plants was greater eight years postfire than pretreatment 
richness. However, epiphytic lichens also appear to be very sensitive to a fire’s direct 
heat and burn effects (Hämäläinen et al., 2016). If such species groups occur in an area 
planned for fire restoration, special attention must be paid to the design and execution 
of this intervention to avoid risks to rare and threatened species. Unlike invertebrates, 
few plant species depend on fire in Fennoscandian boreal forests, although given the 
absence of natural fires, these species are increasingly threatened. Examples include 
the annual herbs Geranium bohemicum L. and G. lanuginosum Lam., which require 
high temperatures for their seeds to germinate. 

Pollinators are expected to respond to vegetational changes due to fire or other 
disturbances (Rodríguez & Kouki, 2017). In a Finnish study, parasitoids—potential 
regulators of eruptive species—and pollinators of major forest dwarf shrubs bilberry 
(Vaccinium myrtillus) and lingonberry (V. vitis-idaea) were more diverse after a 
prescribed burn (Rodríguez et al., 2019). Prescribed burns expose mineral soils that 
provide sites for pollinators' nests. In addition, leaving dead trees or producing 
deadwood during prescribed burns provides nesting sites for pollinators. Prescribed 
burning can therefore be important for maintaining forest ecosystem functioning and 
providing ecosystem services continuously. 


18.2.3 Response of Birds 


The presence and distribution of forest birds are largely associated with stand-scale 
habitat structures, such as tree species diversity, the quantity of deciduous trees, the 
quantity of deadwood, and understory density (Hurlbert, 2004). Forest fires create 
various vital structures because there is a postfire shift toward an early-successional 
stage ofthe vegetation (Schimmel & Granstróm, 1996), the creation of deadwood, and 
an enhanced regeneration of deciduous trees, particularly aspen (Populus tremula L.) 
(Hekkala et al., 2014b). Nevertheless, changes in bird assemblages after prescribed 
burns have rarely been studied, possibly because burned areas tend to be small relative 
to the general habitat requirements of birds and other vertebrates. One of these rare 
prescribed burn-bird studies investigated bird assemblage changes after a prescribed 
burnin northern Sweden (Versluijs et al., 2017). Prescribed burning created habitat for 
long-distance migrants, ground breeders, and species preferring early-successional 
habitats. Moreover, Versluijs et al. (2020) showed that prescribed burns represent an 
effective means of fostering a rapid and long-lasting enrichment of important forest 
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structures for woodpeckers. This benefit to woodpeckers is caused mainly by the 
large numbers of killed and weakened trees, which facilitates their colonization by 
saproxylic insect populations (Kärvemo et al., 2017; Morissette et al., 2002). Phloem 
sap from fire-damaged Scots pine has also been shown to provide instant foraging 
opportunities for Three-toed Woodpeckers (Picoides tridactylus) (Pakkala et al., 
2017). In the short-term, fire decreases the abundance of healthy trees and reduces 
understory density. These stands normally constitute important breeding and feeding 
habitats for birds preferring early-successional habitat; thus, off-ground breeders and 
species closely connected with mature forest occurred in lower numbers (Versluijs 
et al., 2017). 

Most other studies on this topic have only explored the responses of birds to wild- 
fire. A study from northern Sweden found that wildfire positively affected ground- 
feeding insectivorous species (Edenius, 2011). Similarly, several studies from other 
forest systems showed that fire clearly benefits numerous bird species (Clavero et al., 
2011; Hutto, 1995; Lowe et al., 2012). Although prescribed burns should mimic 
wildfire, it is unknown whether prescribed fires provoke the same response in bird 
assemblages as natural fires. The main difference is that, in most cases, mixed-severity 
wildfires produce a mosaic of variably burned areas (Salo & Kouki, 2018), whereas 
prescribed burns often result in low-intensity fires. Several studies have shown that 
fire intensity is also an important variable affecting bird responses to fire (Hutto & 
Patterson, 2016; Lindenmayer et al., 2014). 


18.2.4 Management Considerations 


Fire severity is important to consider when targeting expected biodiversity responses. 
Fire in the NDE of managed landscapes is often applied in a spectrum of severity 
so that the amount of timber left on the burned areas varies across a given site. In 
nature conservation areas where timber is not typically removed, the abundance of 
cut trees can be altered to modify the quantity of burning load and, subsequently, 
the amount of burned wood (Hekkala et al., 2014a, 2016). Although the use of fire 
represents an effective tool for restoring lost properties of a boreal stand, it is also 
evident that all aspects of wildfires are hard to emulate in a controlled fashion. Above 
all, if too few trees are left, there is unlikely a local continuity to the structures 
created by fire (Hämäläinen et al., 2016; Heikkala et al., 2014; Hyvárinen et al., 
2005). Second, wildfires vary in severity, and the local variation in fire severity has 
significant consequences on biodiversity (Salo & Kouki, 2018; Salo et al., 2019;). 
In prescribed burns, fire severity often remains or is actively kept at a low level 
because of the risks associated with high-severity fires, which are typically canopy- 
destroying or stand-replacing fires. Despite these shortcomings, prescribed burns 
effectively restore lost forest properties and enhance biodiversity across landscapes 
that include both managed and protected sites. 


18 Ecological Restoration of the Boreal Forest 477 


18.3 NDE of Small-Scale Disturbances: Gap Cuttings 
and Deadwood Creation 


18.3.1 Response of Insect and Fungi 


Gap cuttings have been implemented to reduce the adverse effects of clear-felling 
on biodiversity and ecological processes by reducing clear-cut size. However, they 
also serve as a direct ecological restoration method that mimics gap dynamics and 
small-scale disturbances, e.g., windthrow and localized insect outbreaks (Fig. 18.4). 
Pasanen et al. (2016) found that gaps and the deadwood in gaps diversified wood- 
associated fungi five years after gap creation. On the other hand, Hägglund et al. 
(2020) found that ecological restoration involving the creation of small gaps (20 m 
in diameter) and deadwood had no significant effect on the overall stand-level species 
richness of beetles; however, gap-cut stands had a higher species richness for cambi- 
vores and known fire-favoring species than observed within reference stands. More- 
over, coleopteran species composition differed significantly between stand types. A 
marginal increase of flat bugs has also been observed after gap cutting (Hägglund 
et al., 2015). Joelsson et al. (2018) confirmed the importance of stand heterogeneity 
for insect diversity by showing that harvest trails supported a different beetle assem- 
blage than the surrounding intact forest. A likely explanation for these patterns is that 
the degree of sun exposure on deadwood has a strong effect on the saproxylic assem- 
blage colonizing the deadwood (Hjältén et al., 2012; Lindhe et al., 2005; Seibold et al., 
2016). This effect is potentially mediated by changes in the fungal community, as sun 
exposure also strongly determines the fungal composition and fungal growth rate in 
deadwood (Bouget & Duelli, 2004). Consistent with these observations, deadwood 
created in gaps favors numerous saproxylic beetles, including some fire-favored and 
fire-dependent species (Hägglund & Hjältén, 2018), suggesting these gaps attract 
species associated with more open-forest habitats. However, Hägglund and Hjältén 
(2018) also found significant differences in beetle assemblages in deadwood because 
of tree species and stature (standing or downed logs), consistent with earlier findings 
(Hjältén et al., 2012; Seibold et al., 2016). Pasanen et al. (2014) also observed that 
although wood fungi diversity was enhanced by gaps, red-listed wood fungi did not 
occur in gaps, most likely because of the lack of qualitatively suitable deadwood in 
the gaps during the five years of the study. These observations suggest that a high 
diversity of deadwood forms and quality must be available within the landscape to 
maintain saproxylic biodiversity (Penttilä et al., 2004; Similä et al., 2003). 


18.3.2 Response of Birds 


A bird study in the same stands in Sweden did not support the prediction that gaps 
attract species found in more open-forest habitats (Versluijs et al., 2017). They found 
that gap cutting did not affect bird assemblages; this pattern likely relates to the 
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Fig. 18.4 Gap cutting includes creating deadwood as part of an ecological restoration experiment 
in Sweden (see e.g., Hägglund et al., 2020; Hjältén et al., 2017; Versluijs et al., 2017) Photo credit 
Joakim Hjältén 


combined effect of too-small gaps to attract open-area or edge specialists and a lack 
of response in the understory vegetation. Forsman et al. (2013), studying larger gaps, 
also did not find any general effect of gap disturbance on the overall abundance and 
richness of boreal-forest bird species. This could suggest that organisms such as birds 
that have larger home ranges, a larger spatial scale must be considered for restoration 
efforts and subsequent assessment (Hof & Hjaltén, 2018). 


18.3.3 Response of Vegetation 


The documented effects of gap cutting on vascular plants provide ample theoretical 
support for this intervention being beneficial for species diversity per the intermediate 
disturbance hypothesis (Connell, 1978), which states that disturbances of interme- 
diate frequency and severity maintain higher levels of diversity. Gap cutting could, in 
this sense, be viewed as an intermediate severity disturbance. However, the scientific 
literature is rather scarce for empirical studies on this topic (Eckerter et al., 2019). 
When gaps are formed in the canopy following tree felling or natural disturbances, 
light penetration is increased on the forest floor. In North American studies, thin- 
ning or partial cutting increases the total cover of vegetation and understory species 
diversity (Burke et al., 2008; Thomas et al., 1999). One of the few studies from 
Fennoscandia demonstrated that felling 20%—40% of the initial stand volume does 
not affect the understory vegetation up to seven years after treatment (Hekkala et al., 
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2014b). However, the uprooting of trees—to simulate storm felling—increased the 
species richness of vascular plants (Hekkala et al., 2014b). The authors conclude that 
the exposure of soil from the uprooting increases microsite heterogeneity and, there- 
fore, greater habitat availability for pioneer seeds. The effects on vegetation have also 
been studied in the abovementioned Swedish experiment (Hägglund et al., 2020). 
However, Espinosa del Alba et al. (2021) found that 20 m diameter gaps had no signif- 
icant impact on species richness or the composition of vascular plant assemblages 
or ground-living bryophyte assemblages up to eight years post-treatment. 

In principle, canopy gaps also provide sites for tree-seedling regeneration and, 
thus, maintain continuous cover forests that appear as typical natural boreal land- 
scapes. However, canopy gaps alone may be insufficient to facilitate regeneration 
unless the soils are also disturbed (Pasanen et al., 2016). Seed germination and 
seedling establishment in boreal forests generally require exposing the mineral soil 
to alleviate competition with the dense understory vegetation (Eriksson & Fróborg, 
1996; Hautala et al., 2001, 2008). Moreover, restoration studies indicate that simu- 
lated storms that expose the soil through tree uprooting increase species diversity and 
the number of tree seedlings more than restoration by only cutting trees (Hekkala 
et al., 2014b). Pasanen et al. (2016) reported a low overall establishment of pine 
trees in canopy gaps despite a good initial regeneration rate. The lack of long-term 
success may have been caused by intensified root competition even though the soil 
was slightly modified in this experiment. Therefore, the use of fire in combination 
with small gap creation may enhance recruitment (Pasanen et al., 2015). 


18.4 NDE: Restoration of Deciduous Forest Stands 


In Sweden, stand-level timber volumes have increased 40%—80% since the 1950s 
(SLU 2012) owing to an increased production of conifers at the expense of broadleaf 
trees that are disfavored by modern forestry, e.g., during thinning. Commercial forests 
are therefore denser and less permeable to sunlight. Broadleaf trees are also disad- 
vantaged when natural disturbance regimes, such as recurrent wildfires in upland 
forests and seasonal floods in riparian environments, are suppressed or altered (Hell- 
berg, 2004; Johansson & Nilsson, 2002; Linder et al., 1997). These changes have 
led to an impoverished fauna of species associated with sun-exposed conditions and 
broadleaf trees (Bernes, 2011). Additionally, the abundance of large deciduous trees 
may also decline in protected areas, probably because these areas in Fennoscandia 
are often too small to sustain natural disturbance regimes (Hardenbol et al., 2020). 
Restoring broadleaf stands is therefore instrumental for biodiversity conservation. 
During the last decades, large areas (much greater than 10,000 ha) have 
been restored in Sweden to benefit the White-backed Woodpecker (Dendrocopos 
leucotos), a critically endangered species with a population consisting of only a 
handful of breeding pairs. This species was once widespread throughout most of 
Sweden but declined rapidly during the past century because of intensified forest 
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management (Aulén, 1988; Stighäll et al., 2011). To restore habitats for the White- 
backed Woodpecker, forest managers in Sweden and Finland have created deadwood 
from broadleaf trees and selectively harvested spruce trees to open up forests and 
make deciduous trees more competitive (Blicharska et al., 2014; Hämäläinen et al., 
2020). The White-backed Woodpecker has not yet recovered, but other less area- 
demanding and fast-responding species having similar habitat requirements have 
benefited from these restoration actions. Bell et al. (2015) found that the species 
richness of saproxylic beetles associated with deciduous deadwood and greater sun 
exposure was higher in the restored stands than unrestored ones, as were red-listed 
saproxylic beetle species. In addition, the availability of suitable insect food for 
White-backed Woodpeckers increased in restored areas, suggesting that when a 
sufficient area has been restored, the area-demanding White-backed Woodpecker 
can recover (Hof & Hjältén, 2018); nonetheless, the response at lower trophic levels 
are stronger indicators of ecosystem recovery (Fig. 18.5). 

For a wide range of bird species, the occurrence of large-diameter deciduous 
trees is a critical habitat component. Although there is not much known about how 
restoring broadleaf stands influences bird assemblages, habitat specialists such as 
the White-backed Woodpecker are favored by an increased availability of deciduous 
trees. Aspen (Populus tremula L.) is particularly preferred as a nesting tree (Angel- 
stam & Mikusinski, 1994) and is frequently used for foraging by the White-backed 
Woodpecker (Stenberg & Hogstad, 2004). Additionally, the presence of this wood- 
pecker indicates a high species richness for forest birds, red-listed cryptogams, and 
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Fig. 18.5 Hypothetical example of the spatiotemporal-scaled response of organism groups, 
differing in their spatial requirements and reproduction rates, to the restoration of deciduous stands. 
Many species are resource and process limited, albeit at different spatial and temporal scales. Local 
restoration will not necessarily fulfill the habitat requirements of top predators, such as the White- 
backed Woodpecker; however, less area-demanding species, e.g., many saproxylic beetles, respond 
more rapidly. Forest restoration likely produces a bottom-up effect on top predators within saprox- 
ylic food webs. Under such circumstances, the recovery of umbrella species could testify to a full 
ecosystem recovery. The recovery of species at lower levels in the food chain could provide robust 
indicators of the onset of ecosystem recovery. Modified from Bell et al. (2015), CC BY 3.0 license 
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saproxylic beetles (Bell et al., 2015; Mikusifiski et al., 2001; Roberge et al., 2008). 
Different species of deciduous trees also contribute to a high variability in saproxylic 
beetles, as beetle composition differs between aspen and birch stands. High variation 
in deciduous tree species, age, and deadwood at different decay stages will positively 
influence other bird species, especially bark-feeding and secondary cavity nesters. 
Eggers and Low (2014) observed that 8396 of Willow Tits (Poecile montanus) exca- 
vate cavities mainly in birch and that the diameter of the nesting tree at nest height 
has a positive relationship with nest survival. Restoring the diversity and abundance 
of deciduous trees in boreal forests is thus likely crucial for the conservation of 
boreal-forest birds, in particular as deciduous trees improve foraging and breeding 
opportunities. 


18.5 Risks Associated with Ecological Restoration 


Prescribed burns in spruce-dominated forests in southern Finland have increased 
attacks by bark beetles (Ips typographus, Pityogenes chalcographus), although the 
harmful effects on tree survival in neighboring forests have generally been low 
(Eriksson et al., 2006). This observation suggests that restored areas do not provide 
significant refugia for the bark beetle populations unless restoration actions are 
repeated over consecutive years within a small area, allowing for bark beetle popula- 
tions to build over time (Toivanen et al., 2009). Prescribed burns in Swedish spruce 
forests produced similar results, with a marked but short-lived increase in bark beetle 
abundance. Bark beetle densities had already decreased dramatically in the second 
year postfire, and five years after burning, the bark beetle densities were lower than 
those in the control areas, although the abundance of the natural predators of bark 
beetles was greater than in the controls (Hekkala et al., 2021; Kärvemo et al., 2017). 

Tomicus spp., pine shoot beetles, are potentially harmful pests that may reduce 
the growth of Scots pine, although they usually do not kill healthy trees. In small 
gaps within pine forests, restoring deadwood increased Tomicus bark beetle numbers; 
however, these Coleoptera did not spread into adjacent forests, showing less than a 
few tens of meters of incursion into these neighboring sites. Thus, the effect was 
highly localized to the immediate neighborhood of restored sites. Additionally, the 
eruptive phase of Tomicus and the effects on adjacent trees typically last only a couple 
of years (Komonen & Kouki, 2008; Komonen et al., 2009; Martikainen et al., 2006). 
These observations suggest that restoring dead wood in pine forests does not increase 
the risk of bark beetle-related damage. 
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Besides the potential risk of pest outbreaks, there is also a risk of adverse effects 
on nontarget species. There is ample evidence that prescribed burns can harm species 
associated with old-growth forests and long forest continuity. For some species 
groups, such as epiphytic lichens and bryophytes, it is clear that they are suscep- 
tible to the direct heat and burn effects of fire (Hämäläinen et al., 2014). However, 
species from many other groups are disfavored by postfire conditions, and the adverse 
effects on some beetle groups may be transitional (Hyvärinen et al., 2009). Particular 
attention should be paid to the design and execution of prescribed burns so that rare 
and threatened species are not disfavored. 


18.6 Conclusions 


Ample evidence exists that ecological restoration within a NDE framework benefits 
biodiversity. However, there remain considerable gaps in our knowledge regarding 
the effect of different restoration methods on specific taxa and the duration of restora- 
tion benefits. Furthermore, most studies assessing the effects of NDE incorporating 
large-scale disturbances such as fire have been conducted at the plot or stand scale, 
whereas our knowledge of landscape-scale effects remains very limited. Thus, there 
is an urgent need to study the landscape-scale effect of ecological restoration (but 
see Kouki et al., 2012). Most studies have investigated the effects of large-scale 
disturbances associated with NDE— generally how prescribed burning affects biodi- 
versity—whereas our knowledge of the impact of NDE on small-scale disturbances 
and the restoration of deciduous forest stands is more limited. Prescribed burns 
benefit many fire-adapted species; however, the restoration outcome depends on fire 
severity and landscape properties, including management history. The more limited 
number of assessments of deciduous forest stands suggests that restoration bene- 
fits light-demanding species associated with deciduous trees. However, more studies 
assessing this type of restoration and the response of different taxa are needed. The 
effect of gap cutting on biodiversity appears weak, and outcomes vary among studies 
and taxa. Moreover, the number of studies that have evaluated the impacts of gap 
cutting remains low, and the applied restoration methods differ among these studies, 
highlighting the need for additional and more comparative studies. Overall, the active 
restoration of critical habitats and substrates appears to be the only feasible way of 
alleviating and reducing the ongoing and projected biodiversity loss in degraded 
forest landscapes. Relying on passive restoration, i.e., waiting for natural structures 
to reappear through natural successional processes, is a painfully slow means of 
mitigating the rapidly advancing threat to forest biodiversity. 
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Abstract Historical conditions that provide a natural legacy for defining restoration 
targets are not applicable without adjusting these targets to expected future condi- 
tions. Prestoration approaches, defined as restoration that simultaneously considers 
past, present, and future conditions with a changing climate, are necessary to advance 
the protection of biodiversity and the provisioning of ecosystem services. Large areas 
of boreal forest landscapes are transformed and degraded by industrial forestry prac- 
tices. With largely fragmented and too-small areas of remaining high conservation 
value forests, protection and preservation are insufficient and must be complemented 
by active restoration in the managed forest matrix. Successful forest landscape 
restoration incorporates varied spatiotemporal scales and resolutions to compose 
restoration routes that best reflect the expected future sustainability challenges as 
well as planning and governance frameworks. 
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19.1 Introduction 


In the face of climate change, the challenges for sustainable forest and landscape 
management become even more pronounced (Hlásny et al., 2017; Kremen & Meren- 
lender, 2018). Forest landscapes characterized by the effects of long-term and inten- 
sive forest logging dominate vast areas in northern boreal Europe but are also increas- 
ingly common in all boreal regions (Curtis et al., 2018). In addition to extensive forest 
harvesting and other land-use impacts, a changing climate puts into place often 
unknown or difficult-to-predict trajectories of ecosystem response to disturbance 
(Kuuluvainen et al., 2017; Lindner et al., 2010; Scheffer et al., 2012). Forest frag- 
mentation and loss are integrated with and respond to climate change through multiple 
unforeseeable feedback effects on forest conditions (e.g., Wang et al., 2020). Thus, the 
circumstances for biodiversity conservation, ecosystem service provisioning, as well 
as forestry and other land uses may differ markedly in the near future from the present 
and past circumstances (Frelich et al., 2020). Consequently, current and future land- 
scape analysis and integrated planning oriented toward stand and landscape restora- 
tion are critical for maintaining viable and resilient boreal landscapes (Arts et al., 
2017; Svensson et al., 20192). Thus, climate adaptation and mitigation approaches 
must be integrated into green infrastructure planning, defined as a spatiotemporally 
functional planning framework for maintaining biodiversity and ecosystem services 
in landscapes affected by climate change and land use (Mikusiñski et al., 2021; 
Stanturf, 2015). 

There is much evidence for the loss of natural, near-natural, and intact forest land- 
scapes and the associated negative consequences for biodiversity, ecosystem services, 
and other benefits to people (e.g., Potapov et al., 2017; Zanotti & Knowles, 2020). In 
Europe, most forest types have little to no remaining natural forests (Sabatini et al., 
2020). Consequently, and recognized for example in the UN Decade on Ecosystem 
Restoration 2021—2030 (FAO, 2020) and the European Union Biodiversity Strategy 
for 2030 (EC, 2020), the current levels of protection, combined with often limited 
conservation functionality in the existing protected areas (Halme et al., 2013; Watson 
et al., 2014), are insufficient. Here we define limited functionality as areas that are 
too small and too fragmented to develop or maintain a favorable conservation status. 
Additionally, it is increasingly recognized that effective conservation of protected 
areas depends not only on the intrinsic values within these areas but also on the 
quality of the landscape matrix (Orlikowska et al., 2020; Ward et al., 2020). Thus, 
landscape restoration has a central role in green infrastructure planning. 

New and innovative avenues need to be explored locally, nationally, and globally to 
preserve functional ecosystems for future generations. In addition to more and larger 
protected areas and greater consideration of nature conservation in standard forestry 
practices, active measures must include restoring forest patches and forest landscapes 
within sustainable management and governance strategies and plans (Mansourian, 
2017; Stanturf et al., 2014). The preservation of forest ecosystem functions, biodiver- 
sity, and the naturally rich pools of ecosystem services and nature's contribution to 
people requires more active and progressive restoration approaches (IPBES, 2018). 
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Moreover, as land-use pressure is high and increasing from multiple, varying, and 
sometimes conflicting interests (Knoot et al., 2010; Svensson et al., 2020b), restora- 
tion must be oriented not only toward nature conservation values but also toward 
sociocultural and economic values associated with a broadening and diversifying 
of the forest landscape value chains (Jonsson et al., 2019; Stanturf, 2015). That is, 
restoration should aim at supporting a multifunctional forest use rather than a single- 
use orientation of a service or good, such as wood biomass for timber, pulpwood, or 
energy production. 

In this chapter, we explore various aspects and routes forward for forest land- 
scape restoration in the context of climate change. We benefit from recent research 
on Sweden's boreal and subalpine regions, which exemplifies a geographically broad 
case that harbors both generic and specific boreal characteristics. The study region 
encompasses around 27 million ha, of which 19 million ha is forest (Fig. 19.1; 
Mikusiñski et al., 2021). Distinct gradients in historical and current land use provide 
representative examples of forest landscapes characterized by different biogeograph- 
ical contexts and intensities of human exploitation. The loss of intact forest landscapes 
caused by the dominant systematic forest clear-cutting system has largely trans- 
formed forest landscapes across vast areas. The current Swedish Red List (Artdata- 
banken, 2020) encompasses 1,400 species listed as a direct and indirect consequence 
of this forestry approach. About 1,100 species of these listed species are found in 
northern Sweden. Only a narrow hinterland belt in the mountainous area, the Scan- 
dinavian Mountains Green Belt, can be considered intact (Fig. 19.2; Svensson et al., 
20202). The loss of natural forests, the geographically imbalanced conditions of the 
remaining intact forest landscapes in northern Sweden, and areas where landscape 
restoration is critically needed are illustrated in Fig. 19.1. 


Fig. 19.1 Northern Sweden (black delimiting line) with the surrounding terrestrial areas (gray 
shading) and boreal biome (dark green shading) delimited; the illustrations show the structural 
connectivity of a all forest land, b protected forestland, and c remaining forestland not subjected 
to clear-cutting since the introduction of systematic forest clear-cutting in Sweden in the middle 
of the twentieth century (i.e., proxy continuity forests; see Svensson et al., 20192). Connectivity 
was calculated using circuit theory (McRae et al., 2008), where structural connectivity implies that 
all forests are treated as a single entity, i.e., without separating the area into ecologically different 
forest types. Figure modified from Mikusinski et al. (2021), CC BY license 
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Fig. 19.2 Large areas of the mountain foothill forests are part of the Scandinavian Mountains Green 
Belt (Svensson et al., 2020a) intact forest landscape; (top) Laxbäcken, Vilhelmina, overlooking the 
gradual change from coniferous-dominated forests to the broadleaf alpine tree line woodlands; 
(bottom) the landscape-scale mixture of forests, open mires and grasslands, and water bodies, 
toward the Marsfjället nature reserve. Photo credits top Jon Andersson, bottom Mikael Strómberg 


19.2 Forest Landscape Restoration Approaches 


Strategic planning at the landscape scale is critical for effectively securing repre- 
sentative aspects of biodiversity and forest ecosystem services (Mansourian et al., 
2017). Restoration must simultaneously target different spatial scales, from indi- 
vidual trees to stands to landscapes. However, a landscape cannot be constrained by 
asingle definition, as itis inherently context-dependent. For example, the term is used 
generically for defining a geographical area, for describing a spatial extent between 
local and regional, as an ecological term representing the spatiotemporal gradient 
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in energy flow, nutrient cycling, and species interactions, and as a socioecological 
system in which different actors perceive and influence the spatial composition and 
functioning of various landscape elements. The term landscape may also refer to an 
older delineation of administrative units. Thus, any landscape approach is defined 
by the specific questions, species, habitats, and contexts being addressed. 

Similar to the definition of landscape, its scale, i.e., the spatiotemporal extent of a 
landscape, is also conditioned by the habitat and species context. For forest areas, the 
extent should be sufficiently large to include an adequate range of different naturally 
occurring forest types and connected landscape elements that represent a relevant 
and practical scale for actors such as forest management planners or administra- 
tive authorities working with green infrastructure planning. In the context of boreal 
Europe, this normally translates into areas of a few tens of thousands of hectares. At 
a global scale, analyses of intact forest landscapes tend to address significantly larger 
areas and may include several hundreds of thousands of hectares (e.g., Potapov et al., 
2017), 1.e., the size perceived to encompass large-scale natural dynamics linked to 
disturbance regimes. 

Forest landscape restoration encompasses a range of measures at various scales for 
numerous specific purposes (Chazdon et al., 2016) and with various specific measures 
and activities, such as restoration fire, the production of deadwood, and green tree 
retention. Below, we detail some of the more central terms, approaches and measures 
for boreal forests and forest landscape restoration (drawing from Mansourian, 2018), 
where, for the purpose of this chapter, we have clustered similar and related terms. 
In addition to various active measures that aid the development of forest habitats to 
improve biodiversity and resilience, passive strategies, allowing natural processes 
and dynamics to act, are optional or preferred in many situations. 


Forest landscape restoration/ecological restoration: Traditionally, this approach 
relies on an understanding of historical landscape composition as a model for moving 
landscape structures closer to a historical baseline, often referring to a natural 
range of variability in terms of the extent of forest types and disturbance processes 
(Kuuluvainen et al., 2015; Pennanen, 2002). Thus, landscape restoration is a plan- 
ning process rather than direct actions within individual stands, which include, for 
example, applying relevant data and the active participation of various landowners 
and decision-makers and planning according to given regulations and policies. 


Prestoration: This approach is defined as restoration that simultaneously relies on 
past and present states that impact the present and future stages as expected by 
climate change while using as a starting point the species' need for suitable habitats 
(Butterfield et al., 2017; Mansourian, 2018). Prestoration aims to support biodi- 
versity and ecosystem services given the anticipated effects, i.e., restoration with a 
target into an expected future given current knowledge and projections. Therefore, a 
central question is which tree species or genotypes should be planted or promoted for 
restoration to match the climatic conditions in 100 years or more (Halme et al., 2013; 
Kuuluvainen et al., 2017). Prestoration can be applied at the landscape scale and at 
the scale of specific stands and habitats; it should be explicitly sensitive to temporal 
dimensions, particularly for ecosystems that recover slowly such as the boreal forest. 
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Therefore, specific restoration actions can be performed in recently planted forest 
and during precommercial thinning and thinning stages and in the form of translo- 
cating biodiversity attributes such as snags and logs, i.e., ecological compensation 
approaches. The planting of tree species beyond their current distribution also forms 
part of this approach. 


Habitat restoration/habitat reconstruction/rehabilitation: These measures 
include promoting structures and processes that have been lost through forestry 
or other land-use transformations of natural landscapes, normally within currently 
existing forest areas or landscapes dominated by forests. For boreal forests, measures 
include creating multilayered forest canopies, increasing volumes of deadwood, 
veteranization of living trees, reintroducing forest fires, and applying other stand- 
and tree-level measures. The veteranization of trees collectively includes measures 
that damage or affect living trees in ways that advance aging qualities, such as bark 
damage to create sap flow or cavity development. Measures also include the miti- 
gation of degraded habitats by restoring soils through revitalizing or translocating 
soil biota, restoring hydrology through the blocking of ditches or restoring streams 
modified by timber floating, and establishing or replacing existing vegetation cover 
in forest edges and other transition zones. Habitat restoration, reconstruction, and 
rehabilitation can also be achieved through natural development, with or without 
minor active interventions, if conservation attributes and ecological processes have 
been maintained. 


Reclamation/reconciliation/reallocation/reforestation/afforestation: These 
measures encompass the artificial planting or seeding of trees and the promotion 
of natural tree regeneration in areas that historically have been transformed from 
forests to other land cover types for longer or shorter time periods. The planting 
of a selected tree species can extend forest habitat areas and provide new habitat 
patches for associated species. This transformation of previously open areas to forest 
usually leads to decreases in values associated with open land cover, e.g., grassland 
biodiversity, landscape vistas, or farmland for food production. Thereby, explicit 
concern must be accounted for, e.g., natural or cultural values, and any potential 
trade-offs must be managed. 


19.3 Dimensions in Forest Landscape Restoration 


Except for historical slash-and-burn cultivation and wood for iron mining, which 
resulted in localized long and intense forest use that left extensive degraded areas 
(Angelstam et al., 2013), the transformation of boreal forests in northern Europe 
is relatively recent. Most transformation has occurred during the last two centuries 
with increasing intensity during the twentieth century. In particular, the system- 
atic clear-cut rotation system—fully implemented after the mid-twentieth century— 
represented a shift from a continuous forest cover with multi-aged, multispecies 
stands to even-aged monocultural forests (Kuuluvainen et al., 2012). This shift has 
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produced a severely fragmented landscape structure across vast areas of the boreal 
region. Only fragmented and small remnants of old and natural forests of high natural 
value are preserved (Fig. 19.3). With such a landscape configuration as a starting point 
for forest landscape restoration—with high conservation value forest only occupying 
a low share of the remaining forestlands—combined with the low growth rates of 
boreal trees and their limited dispersal capacities, restoration takes time and requires 
long-term planning. 

A fully restored landscape should deliver the attributes of a naturally dynamic 
landscape, including living space for all native species, a full representation of 
different habitat types, and the presence of all-natural processes essential for 
ecosystem functioning. This restoration must also maintain natural disturbances 
to the extent possible, given societal risks with wildfires, for example. In boreal 
landscapes characterized by high levels of spatiotemporal randomness for the main 
natural disturbance agent, i.e., fire, extensive areas should be restored or protected 
to secure a continuous availability of all naturally occurring habitats. For example, 
Andrew et al. (2014) proposed that such a minimum dynamic area for the Cana- 
dian boreal forest should be at least 20,000 km?. If wildfires are absent or occur 
too rarely or at a too-low intensity, as in Sweden because of effective long-term fire 
suppression, natural succession with broadleaf dominance is very rare and leads to 
a generically low abundance of broadleaf trees in the boreal tree species mixture 
(Bengtsson et al., 2000; Mikusiñski et al., 2003). As a remedy, a forest manage- 
ment system based on mimicking natural disturbance regimes has been promoted 
for many years (e.g., Angelstam, 1998; Bergeron et al., 2002). However, the situa- 
tion has not changed much despite such early promotion, as broadleaf species are not 
a central resource for the Swedish forest industry. Thus, aging broadleaf trees and 
stands remain critically rare in Swedish boreal landscapes (Mikusifiski et al., 2021). 

Old-growth forests are focal biodiversity nodes within boreal forest landscapes 
and have long been protected; in Sweden, however, their spatial distribution is highly 
skewed toward the northwestern mountain areas (Angelstam et al., 2020), i.e., the 
Scandinavian Mountains Green Belt. Protected forests are much less extensive in 
the other parts of the country. Achieving old-growth conditions in boreal forests 
after clear-cutting forestry or a major natural disturbance may take centuries (e.g., 
Hedwall & Mikusiüski, 2015; Lilja et al., 2006). 

Conservation planning tools that extend from the remaining ecological mainlands, 
i.e., geographically large nodes of intact forests and forest landscapes, must be used 
to embrace the temporal and spatial complexity of restoration in the boreal forest. 
This is particularly true from a green infrastructure perspective (Snäll et al., 2016) 
that supports the spread and migration of species into the surrounding landscape 
matrix (Mikusifiski et al., 2007). Enhancing the functionality of the few remaining 
old-growth, primary or natural forest patches outside such mainlands and building the 
future green infrastructure pool, requires new protected areas having robust existing 
conservation values and also enhancing restoration efforts when the temporal tran- 
sition to strong conservation conditions can be foreseen. Thus, in everyday forest- 
production landscapes where the transformation of natural conditions is substantial, 
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Fig. 19.3 Clear-cutting forestry was introduced at a large scale in northern Sweden in the mid- 
twentieth century; most forested areas have since been clear-cut. a Map of forest and clear-cut 
areas in 1958 and b 2016; c the locations of all known nature conservation areas, protected and not 
protected, are superimposed on the map to illustrate both the overlap and the remaining share of 
non-high-conservation value forests, as determined through inventories. The study area is situated 
60 km west of the city of Umeá, east coast of northern Sweden, and covers about 3,000 ha. The area 
was previously 90% forested, whereas 72% was clear-cut by 2016. (see Svensson et al., 2019b) 


restoration must become a natural part of landscape planning and include a broader 
spectrum of approaches and measures. 

Boreal landscapes typically include land cover types other than forest, such as 
water bodies, open mires and grasslands, and subalpine environments. This hetero- 
geneity represents a natural level of forest fragmentation in an intact dynamic land- 
scape to which, in a broad sense, the associated forest species adapt. Thus, land cover 
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types other than forests contribute significantly to landscape-level biodiversity and 
ecosystem services. The transition zones to forests, i.e., forest edges, are by them- 
selves essential habitats for biodiversity and ecosystem services but also function as 
bridging elements (Harper et al., 2015). Consequently, effective restoration requires 
a holistic approach with integrated planning and policies across land cover types 
(Chazdon et al., 2017). 

The current landscape configuration represents a natural, seminatural, or artificial 
land cover distribution that may be stable for a particular duration. However, a land- 
scape may have had another configuration historically, where the land cover and the 
modifying agent that generated the configuration have left both natural and anthro- 
pogenic legacies. These legacies have relevance for the present state and premises 
for restoration. For example, northern Sweden is currently experiencing a loss of 
open habitats in rural areas and thus a loss in the biodiversity, cultural values, and 
ecosystem services associated with open habitats. The recent red list (Artdatabanken, 
2020) includes around 1,400 species as direct and indirect consequences of the loss of 
open and semi-open landscapes being transformed into forests. Habitats with a certain 
value, for example providing rich winter grazing resources for ungulate species such 
as reindeer (Rangifer tarandus), may be replaced by dense, fast-growing forest stands 
(cf. Sandstróm et al., 2016). Many of these open habitats were naturally open in the 
distant past because of poor site conditions or were created by the active removal 
of forests to increase farmland. Over the last century, these areas transformed back 
to forest, either naturally or through silvicultural reforestation measures. Forests 
not currently being used for forestry, including other woodlands, sites having a low 
tree growth capacity and limited natural values, and single trees and tree groups in 
other land cover types, can connect spatially disrupted old-growth forest patches and 
decrease adverse effects from fragmentation. Thus, in landscape restoration, the land 
cover composition represents the first dimension that must be considered (Fig. 19.4). 

The tree-age distribution of the forest represents the second dimension in land- 
scape restoration. In managed forest landscapes, much of the old forest and forests 
composed of mixed-age assemblages have been transformed into young and middle- 
aged, fast-growing, and dense forests with management oriented toward wood 
biomass production. In northern Sweden, currently only 15% of all forests are 
140 years or older, including forests that are of no interest to production forestry, 
i.e., mean annual wood biomass growth <1 m? - ha^! over the rotation period. It 
should be noted, however, that 140-year-old forests often have not (yet) developed 
old-growth boreal characteristics; thus, old refers more to the forestry rotation cycle, 
i.e., stands at the final logging stage, than to a biologically significant status. With 
a focus on forest age, restoration activities can be directed toward a diversified and 
broader tree- and stand-age distribution on proportionally larger forest areas than 
at present. However, because boreal species are adapted to landscape compositions 
of low predictability and structure because of the stochasticity of the main large- 
scale disturbances, adequate trajectories of landscape and forest restoration must be 
promoted to attain a more varied forest-age distribution (Berglund & Kuuluvainen, 
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Fig. 19.4 Forest landscape restoration that considers four dimensions: land cover type, forest-age 
distribution, dominating tree species, and forest attributes; the illustration is derived from data of 
the Swedish National Forest Inventory for northern Sweden, roughly representing the boreal biome 
distribution (SLU 2020). a The distribution of forests (56%), other woodland areas (sparse and low 
growth), other land cover and land-use types (mainly alpine and open mires); b stand age based 
on data from all forests with young (<20 years), middle-aged (21 to < 0 years), mature (81 to < 
140 years), and old (7140 years) forest; c stand-scale dominant (76546) tree species from data on 
forestry lands (productive, not formally protected) of Scots pine, Norway spruce, lodgepole pine, 
mixed coniferous, mixed, and broadleaf forest; d volume of living trees (m? basal area), hard (m?) 
and decomposing deadwood (m?) from all forests. The layer thickness in each bar is proportional 
to the abundance of the illustrated component. Dimension a is illustrated based on land surface 
area (27 million ha), dimensions b and d on forest land area (19 million ha), and dimension c on 
productive forest land (15 million ha). Here we apply data commonly recorded in national forest 
inventories and, hence, similar assessments can be made for other boreal regions 
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2021). From this perspective, it can be noted that regenerating young forests domi- 
nated by broadleaf trees can play a role as natural fire barriers and, accordingly, form 
part of the forest-age distribution at the landscape scale. 

Dominant tree species represent a third landscape restoration dimension. System- 
atic clear-cutting forestry with a regular harvesting rotation has resulted in forest- 
stand monocultures. In northern Sweden, only 796 of forests are truly mixed, and 
only 596 are dominated by broadleaf species. Under natural conditions, succession, 
dynamics, and the various natural disturbances, ranging from small-scale treefalls 
to wind-felled stands to extensive burned regions, create tree species conglomerates 
that vary across time and space. From a site's disturbance dynamics and soil/bedrock 
conditions, different tree species naturally occur in a mosaic of stands having a single, 
few, or multiple species where the configuration can only be predicted at a very large 
scale (Pennanen, 2002). Clearly, restoration aiming for a more balanced and mixed 
tree species composition results in niche separation that supports broader pools of 
forest biodiversity and ecosystem services. Moreover, it provides prerequisites for 
diversified management strategies and innovative value chains. 

The fourth dimension is exemplified by deadwood, representing a key biodiver- 
sity attribute, and other attributes typical of old-growth characteristics, i.e., multiple 
forest layers, old trees, horizontal heterogeneity, and broad substrate diversity. Dead- 
wood is lacking in northern Swedish boreal forests but is slowly increasing, aver- 
aging presently around 8 m? - ha- 1 (SLU, 2020). This quantity of deadwood is 
very low compared with natural conditions where deadwood volumes can be 50- 
80 n? - ha^! for comparable forest types (Siitonen, 2001). Note, however, that an 
overall increase and general improvement of the ecosystem attributes that intrinsi- 
cally support biodiversity and ecosystem services, e.g., deadwood as a colonizing 
substrate, the functionality of a given substrate in a specific site, are determined not 
only by site-intrinsic characteristics but also by characteristics in the surrounding 
habitats and landscapes. 


19.4 Forest Landscape Prestoration to Mitigate 
Clear-Cutting Debt 


The dominance of the rotation clear-cutting system has led the Swedish boreal forest 
landscape to lose most of its historical configuration. Outside the intact forest land- 
scapes of the Scandinavian Mountains Green Belt, only fragments remain of forests 
that have never been subjected to clear-cutting. At the landscape scale, the domi- 
nance of young to middle-aged planted forests has led to a connectivity loss between 
the remaining old-growth patches. This resulting lack of connectedness between 
non-clear-cut forests represents a significant challenge, given that intact forest land- 
scapes were historically dominated by older forests (Berglund & Kuuluvainen, 2021; 
Pennanen, 2002). As a parallel to the extinction debt related to species loss through 
habitat destruction (Hanski, 2000; Tilman et al., 1994), we may consider clear-cutting 
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as the cause of a broader debt in terms of deteriorated or lost natural processes, 
structures, and other, not-yet-fully-known ecosystem changes. From this perspec- 
tive, landscape restoration is required at much broader scales and higher rates than 
at present to manage and mitigate this debt. 

However, for practical, economic, and climatic reasons, the target of landscape 
restoration cannot be to return to a pristine historical situation. Instead, what is needed 
is a careful consideration of those restoration measures able to provide components 
of natural forests that are sufficiently robust and resilient for any particular landscape 
given its natural settings, legacies of land use, and current socioeconomic situation. 
These considerations must then be placed and evaluated against climate change 
Scenarios, i.e., restoration in the sense of prestoration. Thus, any restoration plan- 
ning must consider climate change-driven biogeographical translocations and, there- 
fore, include climate models as input data. The different available targets (Fig. 19.5) 
provide a gradient in segregating and integrating conservation goals (Bollmann et al., 
2020), where some targets are relevant in areas primarily managed for biodiversity, 
i.e., protected areas, and other targets more suitable for mitigating adverse effects on 
natural values in more-or-less intensively managed forests. Regardless of the conser- 
vation goals, climate change will affect all forest types and their adaptative potential. 
Although historical knowledge of past natural conditions provides a critical reference 
state for species and biodiversity, we must now also address future conditions. Any 
prestoration targets for the future must include forms of secondary natural forests 
and novel, designed managed forests that ensure the full range of ecosystem services 
from the forest landscape (Bollmann et al., 2020). 

Their remaining natural forests in boreal Sweden are, in most cases, restricted to 
the lower end of the site productivity gradient, i.e., mainly occurring on marginal 
lands (e.g., Andrew etal., 2014; Angelstam et al., 2020). Yet, these forests still provide 
crucial elements. Here, prestoration may complement nonintervention management 
and include promoting tree species that may be important biodiversity structures 
under future conditions and, if introduced, may prepare the ground for future range 
shifts of associated species. Prestoration in natural forests may also include the 
translocation of species to habitats outside their current distribution ranges. 

For forests having been subject to a relatively limited impact from recent forestry, 
possible measures include habitat restoration through the veteranization of trees, 
prescribed fires, retention measures, and increased volumes of deadwood. When 
these measures are carefully applied and well placed at the landscape scale, they will 
also support landscape restoration and prestoration. The range of options for forests 
having a recent harvest history is likely to be greater, although the positive effects on 
biodiversity are delivered in a more distant future. A careful choice of tree species 
for regeneration and active measures to create structural and functional diversity 
in forests across broader spatial scales exemplifies different possible reforestation, 
rehabilitation, and habitat restoration measures. 

Forested areas not used for commercial forestry can play a crucial role. These 
sites include woodlands in remote places, technically challenging sites such as steep 
slopes, and less fertile sites having a poor tree growth capacity. Such low-production 
forests often occur as islands or belts within productive forest landscapes. With 


19 Landscape Restoration After Forest Fragmentation and Loss 503 


Key restoration targets 
Structural components: 
- Very old trees 
- Trees with abundant growth of epiphytes 
- Broken, stag-headed, and leaning trees 
- Tree holes, cavities, and microhabitats 
- Dead standing trees (snags) 
- Fire-scarred trees, snags, and stumps 
- Large deadwood in all decomposition stages 
Spatial patterns: 
- Developed understory of saplings and shrubs 
- Mixed stands, conifer and broadleaf trees 
- Uneven-aged stand structure 
- Multilayered tree canopies 
- Patchy distribution of trees, gaps 
Processes: 
- Postfire succession 
- Succession with tree-species replacement 
Primary Never Young to middle-aged - Self-thinning 
forest clear-cut clear-cut forests - Gap formation 
- Snag and log formation 
- Decomposition of coarse woody debris 


Restoration options 


Degree of transformation 


Fig. 19.5 A generic forest landscape composed of four categories of forests representing degrees 
of transformation: (1) primary forests with no or very limited human impact; (2) forests that have 
never been clear-cut; (3) young and middle-aged forests regenerated after clear-cutting; and (4) 
open lands that potentially could become forested through natural or silvicultural measures. The 
relative area of each category broadly reflects the current situation in Fennoscandian (Norway, 
Sweden, Finland) boreal forests. The figure exemplifies the most relevant type of restoration for 
each category that collectively represents landscape restoration opportunities if carefully planned 
at the landscape scale. The list (right) includes factors known to be essential for boreal forest 
biodiversity (after Esseen et al., 1997) and hence represent targets for restoration activities. Various 
types and groups of targets can be implemented at different degrees of transformation and at a range 
of spatiotemporal scales 


careful consideration of the structures and habitats produced by these woodlands, it 
is possible to identify stepping-stone and corridor functions to improve landscape 
connectivity. Directed habitat restoration measures can enhance their functionality in 
cases where historical land use caused a loss of certain structures. From a prestora- 
tion perspective, it is also possible to increase structures beyond natural levels to 
compensate for the intensively managed forests in the surrounding areas. 


19.5 Forest Landscape Restoration to Meet Global 
Sustainability and Conservation Targets 


Sustainability, ecosystem services, and biodiversity are widely recognized on global 
agendas. The UN Sustainable Development Goals (SDG; FAO, 2020) and the 
Convention on Biological Diversity Aichi targets (CBD, 2010) have been paramount 
in setting this global policy agenda. The linkages between biodiversity and the fulfill- 
ment of the SDGs are apparent at multiple levels (Blicharska et al., 2019). Both the 
2030 European Union Biodiversity Strategy (EC, 2020) and the new CBD frame- 
work further highlight the importance and challenges that humanity must consider 
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moving from a net loss of natural values to a net gain. From this perspective, forest 
restoration and prestoration represent major opportunities given the high level of 
potential multifunctionality through these approaches, the inherent effects on biodi- 
versity, and the generic applicability of measures and targets to local conditions and 
circumstances. 

Intensive forest management has caused a loss of boreal biodiversity and reduced 
the provision of ecosystem services. Structurally and compositionally simplified 
forests and landscapes can only deliver some of the services essential for human 
well-being (e.g., Gamfeldt et al., 2013; Jonsson et al., 2020). Successful restora- 
tion of boreal forests and landscapes will, directly and indirectly, generate positive 
progress toward achieving several SDGs (Table 19.1). Whereas the positive impacts 
of restoration on biodiversity (SDGs 14 and 15) are obvious, the delivery of many 
other services, such as the securing of diverse food resources (SDG 2), health (SDG 
3), clean water and energy (SDGs 6 and 7), and climate actions (SDG 13) are all, 
in some manner, linked to the successful restoration of vital forests (Table 19.1). 
Because achieving the full palette of services from forest environments that support 
multiple SDGs can be assumed to be impossible at the local level, diversification of 
management regimes at the broader landscape level has been advised (e.g., Felton 
et al., 2020; Triviño et al., 2017). Unlike clear-cutting forestry, continuous cover 
forestry has a particular role in restoring multiple services within boreal landscapes 
(Eyvindson et al., 2021). 

Restoration of boreal forests and landscapes clearly affects the ability to achieve 
Aichi Target 7 of sustainable forest management and Target 11 of setting aside 17% 
of all ecosystems for biodiversity conservation (CBD, 2010). The future manage- 
ment and conservation of forests in Sweden are currently at a crossroad between 
intensified wood production and multiple-use forests (Felton et al., 2020; Jonsson 
et al., 2019). Restoration aiming to improve a greater expanse of available habitat 
and securing their functional connectivity—along with safeguarding the long-term 
provision of these features within multiple-use forest landscapes—is a viable and 
successful means for achieving the Aichi targets. 


19.6 Conclusions 


Like the two-faced Roman god Janus, restoration must also look simultaneously in 
different directions. This reality means building on the historical understanding of 
species' habitat- and landscape-level requirements and considering climate change 
and future conditions, which we assume will differ substantially from the past and 
present. Thus, a relevant temporal resolution is necessary to reflect a slow ecosystem 
response where the net effects of restoration may lie far into the future. Spatial scaling 
is also necessary to reflect species’ niches and behaviors in terms of movement, 
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Table 19.1 Examples of the benefits of forest landscape restoration in relation to 11 of the 17 
UN Sustainable Development Goals, separated into the dimensions of the biosphere, society, and 


economy 
SDG # Biosphere Society Economy 
1. No poverty Increased pools of Revitalize Subsistence economy 


ecosystem services 


degenerated land for 
labor opportunities 


and multiple value chains 


2. Zero hunger 


Edible plants and 
hunting opportunities 


Prevent erosion of 
agroforestry land 


Subsistence economy 
and multiple value chains 


3. Good health and 
well-being 


Increased pools of 
ecosystem services 


Forest medicinal 
plants, forests as 
de-stressing space 


Ecotourism opportunities 


4. Clean water and 
sanitation 


Natural hydrological 
filtering of freshwater 


Local freshwater 
accessibility 


Local freshwater 
accessibility 


5. Affordable and 
clean energy 


Sustained growth of 
local bioenergy 


Fossil-free neutral 
bioenergy production 


Bio-economy options 


6. Decent work and 
economic growth 


Increased pools of 
ecosystem services 


Rural development 
based on natural 
forest resources 


Rural economy based on 
sustainable forestry and 
forest product processing 


7. Sustainable cities 
and communities 


Increasing green 
structures in urban and 
peri-urban areas 


Accessibility to 
forest-based 
provisioning and 
cultural ecosystem 
services 


Bio-based construction 
material of high quality 


8. Responsible 
consumption and 
production 


Sustainable forestry 
practices 


Access to forest 
products based on 
sustainable use 


Added market value from 
sustainably used forests 


9. Climate action 


Increased carbon 
storage in growing 
forests 


Climate mitigation 
and offsetting 


Payment for net carbon 
storage, fossil fuel 
substitution 


10. Life below 
water 


Ecological integrity of 
riparian and shoreline 
forestlands 


Access to fresh and 
marine waters free 
from eutrophication 


Revitalized aquatic 
systems with fish and 
other ecosystem services 


11. Life on land 


Improved habitats, 
biodiversity, ecosystem 
services 


Provision of a full 
range of forest 
ecosystem services 


Ecotourism 
opportunities, integrity of 
ecosystem functions and 
values 


migration, and seasonal distribution patterns. Operating at a landscape scale is neces- 
sary, adding factors such as land cover types, landowners, policies, and decision- 
making. Restoration must target both natural forests and managed forests as impor- 
tant parts of the landscape, covering transformed and degraded landscapes. Boreal 
biodiversity and ecosystem services cannot be preserved solely through protecting 
the remaining high conservation value forests. An active restoration that mitigates 
fragmentation and the loss of intact forest landscapes and natural forest habitat 
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values has a core role in integrated, green infrastructure—oriented landscape plan- 
ning. Prestoration approaches, which acknowledge forest restoration across multiple 
spatiotemporal scales on the basis of past legacies and expected future situations, 
should be promoted and included within the governance and management of forests 
and forest landscapes. 
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Abstract This chapter describes key trends in boreal forest governance in the 
twenty-first century and implications for the engagement of local and Indigenous 
communities. By focusing on three global trends—internationalization, marketiza- 
tion, and decentralization—we highlight the evolving role of local and Indigenous 
communities in increasingly hybrid and multiscale governance arrangements. We 
present two case studies, community forests in Canada and Sami-industry collab- 
orative planning in Sweden, to analyze the qualities of local governance initiatives 
and how they seek to transform conventional approaches to economic development 
and land-use practices according to the values and priorities of local and Indigenous 
communities. 
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20.1 Introduction 


The boreal forest has taken center stage in environmental politics because of its status 
as one of the world's largest "intact" forest landscapes, its unique wildlife, and its 
role in the fight against climate change (Watson et al., 2018). While boreal forest 
conservation has become a key global priority, the boreal forest is also an inhabited 
landscape, which includes many culturally diverse communities with long-standing 
ties to the forest for cultural and subsistence purposes and other communities more 
actively engaged in the industrial development of natural resources (Nitoslawski 
et al., 2019). There are many Indigenous communities in the boreal forest whose 
identities, cultures, and livelihoods are closely connected to the land. 

Conciliating environmental conservation and socioeconomic well-being in the 
boreal forest is a major challenge, especially in the context of global climate change 
(Gauthier et al., 2015). It requires coordinated efforts among a diversity of actors 
working at multiple scales. The term environmental governance is often invoked to 
describe the myriad processes through which decisions regarding the management 
and stewardship of the boreal forest are taken. According to Larson and Petkova 
(2011), “Governance refers to who makes decisions and how decisions are made, 
from national to local scale, including formal and informal institutions and rules, 
power relations and practices of decision-making" (p. 87). 

This chapter looks at the evolution of boreal forest governance, with a specific 
focus on the role and influence of local and Indigenous communities. While the 
conflicts between environmentalists and industrialists over boreal forest protection 
are widely publicized, it is more difficult to characterize engagement on the part of 
local communities (Jensen, 2000; Patriquin et al., 2007; Willow, 2012). This may be 
related to the cultural diversity of communities, which includes Indigenous and non- 
Indigenous peoples. It may also be a consequence of variable histories of engagement 
in resource development and the presence of diverse and sometimes divergent sets 
of social values. However, what is clear is that since the introduction of the sustain- 
ability paradigm in the late 1980s, the notion that local people should be included in 
decision-making processes has been increasingly regarded as a priority. Local partic- 
ipation is lauded for several reasons: its purported ability to enhance accountability 
by bringing decisions closer to affected people; the improved integration of time- 
and place-specific knowledge—thereby enhancing environmental benefits; and its 
reduction of potential conflict by enhancing local buy-in (Lemos & Agrawal, 2006). 
Thus, across the board, new governance approaches, both corporate-driven, e.g., 
forestry certification, and government-driven, e.g., policies, regulations, emphasize 
advancing community participation. 

The turn toward community participation in the forest sector has become the 
subject of a wide-ranging academic literature, which adopts a variety of lenses. The 
literature describes a range of governance approaches, from the more unidirectional 
processes associated with the public review of plans to the more institutionalized 
power-sharing arrangements, such as co-management boards and community forests 
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(Kittredge, 2003; Teitelbaum, 2016). However, despite important structural differ- 
ences in objectives and design, research reflects the common observation that many 
arrangements do not meet local communities' expectations (Fuss et al., 2019). The 
notion of power sharing or devolution of authority is key to successful governance 
in many instances (Berkes, 2010). Indeed, given the long history of industrialized 
resource development in many boreal regions, it raises the question, central to this 
chapter, To what extent has boreal forest governance evolved to include community- 
based approaches, and what do these look like? Our analysis is based on an exami- 
nation of the recent research literature in two major boreal forest countries (Canada 
and Sweden), including more than 95 articles, book chapters, and reports produced 
by academics and policymakers. 

This chapter begins with a description of some of the historical experiences of 
local and Indigenous communities in each country. We then set the broader context 
for participatory governance in the boreal forest through a description of some key 
trends in forest governance since the 1980s and the implications for the participation 
of local and Indigenous communities. We finally describe local governance initiatives 
in each jurisdiction and focus on how they are seeking to transform local economies 
and predominant forms of land use, despite what are considerable obstacles. 


20.2 A Portrait of Forest-Dependent Communities 
in the Boreal Regions of Canada and Sweden 


In Canada, the vast majority (94%) of forests are under public ownership (Natural 
Resources Canada, 2020). Most fall under the jurisdiction of provincial governments 
and are allocated to forestry companies under long-term licenses. Historically, many 
industry-based communities prospered under the patronage of forestry companies, 
supported by governmental investment in wood processing and manufacturing under 
an even-flow policy regime. However, since the 1980s, the forestry industry has 
undergone significant structural changes because of the growing influence of global 
market forces and the introduction of neoliberal policies. While this has led to mill 
closures and consolidations, it has also resulted in a less hands-on approach on the 
part of forestry companies. This has revealed some of the underlying weaknesses 
within forest-dependent communities, including insufficient economic diversifica- 
tion, a lack of skilled labor, and limited community capacity (Patriquin et al., 2007). 
Communities are also increasingly facing risks associated with climate change, e.g., 
increased incidence of forest fire and insect outbreaks and changes in species compo- 
sition, creating problems related to wood supply (Davidson et al., 2003; Podur et al., 
2002). 

Indigenous communities in the boreal region have much longer relationships to 
forest lands and a different relationship to the forest sector. The traditional territories 
of Indigenous boreal peoples in Canada cover vast forest areas and continue to support 
livelihoods and cultures (Saint-Arnaud et al., 2009; Smith, 2015). In most boreal 
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forest regions in Canada, Indigenous communities are covered by historical treaties, 
which set out certain limited hunting, fishing, trapping, and gathering rights (RCAP, 
1996). However, Indigenous people face legal barriers to having their treaty rights 
respected, as the courts tend to lean on the side of extractive industries (McCrossan, 
2018). Other nations have entered into modern-day agreements, such as the Innu in 
Labrador, the Cree and Naskapi in Québec, the Tłichọ in the Northwest Territories, 
and several First Nations in the Yukon Territory (see Samson, 2016). Finally, some 
Indigenous peoples—mostly in Québec and British Columbia—have yet to sign any 
form of land-claim agreement with the government. 

Historically, Indigenous communities were excluded from the benefits of resource 
development and suffered many negative impacts from resource development (Teit- 
elbaum, 2015). This continues to be the case, as evidenced by the ongoing campaigns 
of Indigenous groups, including in the courts, to block resource development or to 
have their grievances addressed. Many Indigenous communities face high unem- 
ployment and see little direct economic benefit from resource development (Proulx 
et al., 2020). However, in recent decades, Indigenous peoples have strengthened 
their political actions in pursuit of the recognition of Indigenous rights, the settle- 
ment of outstanding land claims, and the redistribution of resources (Lawler & 
Bullock, 2017; Pinkerton, 2019; Wyatt et al., 2019). More recently, Indigenous 
participation in the forest sector has increased in some provinces, in part through the 
allocation of forest tenures. Indigenous-held forest tenures increased from 7 to 19 
million n? - yr! between 2002 and 2017, i.e., from 4 to 10.5% of the Canadian total 
of forest tenures (NAFA, 2003, 2018). Some Indigenous communities are developing 
alternative avenues to forestry development, for example through offering tourism 
and recreation activities or the development of nontimber forest products. Indeed, 
there are increasing calls for community-centered approaches to land use, steward- 
ship, and local development to foster reconciliation and more sustainable patterns of 
land use (Baldwin, 2003; Patriquin et al., 2007). 

In Sweden, ownership patterns and the history of forestry development differ 
markedly from that of the Canadian context. Roughly 5096 of Swedish boreal forests 
are owned by small and family enterprises, whereas the other half is split more or 
less equally between large companies and the state (Skogsstyrelsen, 2015; Stjern- 
stróm et al., 2017). Small-scale forest farms are thus an important economic model, 
which often combines forestry with farming activities. Since the early twentieth 
century, forest owners have collectivized their activities by creating forest coopera- 
tives or associations that use management techniques akin to those of large forestry 
companies. There are three forest-owner associations in Sweden, which collectively 
represent approximately 112,000 members who own and manage 6.2 million ha 
(Lantbrukarnas Riksförbund, 2014). The goal of the owner associations is to ensure 
better market access, offer forest management services, and play an advocacy role 
in defending the rights of forest owners. Some have also invested in mills and instal- 
lations for the energy sector (Skogsstyrelsen, 2015). Forest cooperatives are repre- 
sented by the National Federation of Family Forest Owners, which has a national 
and international presence with the European Union. Indeed, forests in Sweden are 
greatly valued for the recreational opportunities they provide to all citizens (known 
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as allemansrätten, or right of public access; Stjernstróm et al., 2017). In Sweden, 
usufructuary rights to the forest are granted to all citizens. This allows them to access 
land (whether public or private) to pick berries, gather mushrooms, camp, or pursue 
outdoor activities. Hunting is also very popular, especially moose hunting. This ethic 
of public access is highly developed in Sweden and has been likened to a type of 
collective responsibility. “The idea of everyman’s right forms the basis for a culture 
of stewardship. It defines a framework for community access to public forest lands, 
and indeed to the landscape as a whole" (Bullock & Hanna, 2012, p. 149). Rein- 
deer husbandry is under the exclusive, constitutionally protected rights of the Sami 
Indigenous people (Moen & Keskitalo, 2010). Reindeer-herding areas cover approx- 
imately 5596 of the Swedish land base, i.e., 23 million ha (Skogsstyrelsen, 2015). 
The territory used by reindeer herders is divided into 51 reindeer-herding commu- 
nities, many of which overlap with commercial forestry lands. Reindeer husbandry 
relies on large grazing grounds, as only natural low productive vegetation is used for 
forage. Forestry operations can affect reindeer husbandry through forest fragmenta- 
tion, forest age structure changes, and increased infrastructure, such as roads (Berg 
et al., 2008; Kivinen et al., 2012). Thus, the Swedish Forest Agency (Skogsstyrelsen) 
and certification systems have helped implement a consultation regime between Sami 
and forestry companies. 

Although both Canada and Sweden have seen an increase in consultative require- 
ments, Indigenous peoples and local communities continue to express ongoing 
concerns in regard to their real level of influence in forest-related decisions (Reed, 
2010; Sandstróm & Widmark, 2007) and in relation to ecological degradation from 
resource development and the lack of tangible benefits from this resource exploita- 
tion. Many communities are seeking avenues to assert greater influence over forestry 
governance processes and build economic development strategies that are in line 
with community aspirations. 


20.3 Global Governance Trends: Internationalization, 
Marketization, Decentralization/Devolution 


Since the 1980s, the overarching political and economic context for forestry gover- 
nance in the boreal forest has shifted considerably. This has created new opportuni- 
ties for community participation and institutional innovation, but it has also created 
new challenges related to what is an increasingly globally competitive and techno- 
logically intensive environment. There is also increasing pressure for governance 
initiatives to demonstrate their adherence to sustainable development objectives, 
including biodiversity conservation, climate change mitigation, and social justice. 
This procedural shift toward a sustainability paradigm is reflected at different scales, 
from the local to the global, and has had impacts on the forms of governance being 
promoted and experimented with by government, industry, and civil society actors. 
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In the following section, we describe three trends in forest governance in the twenty- 
first century: (1) internationalization, (2) marketization, and (3) decentralization 
(Fuss et al., 2019; Lemos & Agrawal, 2006); we also reflect on how these trends are 
influencing opportunities for local and Indigenous communities. 


20.3.1 Internationalization 


The conservation and protection of forests have been part of the global environmental 
agenda since the 1980s. However, building a consensus around an international forest 
policy agenda has proved challenging. So far, efforts to convene a legally binding 
international agreement for forests have been unsuccessful. Indeed, international 
forest policy has been described as a "fragmented regime with a conflictive rather 
than cooperative architecture" (Howlett et al., 2010, p. 93). 

Instead, international forest policy reflects a multipronged strategy that combines 
a number of instruments, including sectoral agreements, multilateral policies, and 
programs, many based on voluntary or soft policy approaches. These have been 
classified in multiple ways. For example, according to Humphreys in McDermott 
et al. (2010), the international forest regime covers: 


e a growing body of soft international law focused on forests such as Chapter 11 
of Agenda 21 and the United Nations Strategic Plan for Forests adopted in 2017 
(see Sotirov et al., 2020 for further examples) 

e hard international legal instruments with a forest-related mandate (e.g., the 
Convention on Biological Diversity; United Nations Framework Convention on 
Climate Change) 

e voluntary private sector regulation, such as the Forest Stewardship Council 
principles for forest management 


All these international instruments encompass commitments aimed at protecting 
the rights of local and Indigenous communities. Broad goals, such as the preserva- 
tion of traditional knowledge, the promotion of equitable sharing of benefits, poverty 
eradication, and support for forest-based development and the rights to enhanced 
participation in forest governance—including the right to free, prior, and informed 
consent—are part of many international policy initiatives (Arts & Babili, 2013). 
One example is the Convention on Biological Diversity, signed in 1992 at the Earth 
Summit in Rio de Janeiro (United Nations, 1992). There are a number of social goals 
inscribed within the agreement, including Article 8j, which seeks to preserve and 
maintain traditional knowledge for the conservation and sustainable use of biodiver- 
sity, and Article 10c, which seeks to promote traditional cultural practices that meet 
conservation or sustainable use requirements. International agreements on climate 
change have also paid increasing attention to the role of forests and forest-dependent 
communities in the fight against climate change (Rayner et al., 2010). 

However, international forest policy has been criticized for focusing predomi- 
nantly on tropical forests and underrepresenting the importance of boreal forests both 
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from a climate change and biodiversity perspective (Moen et al., 2014; Warkentin & 
Bradshaw, 2012). According to Moen et al. (2014), the escalating impacts of climate 
change in boreal forests, e.g., increased severity and frequency of forest fires, insect 
outbreaks, combined with accelerated harvesting justifies rapid international policy 
action to offset ecological risks and capitalize on existing management approaches 
and institutions in boreal countries. Warketin and Bradshaw (2012) argue that this 
requires more extensive forest reserve systems to foster carbon sequestration, the 
incorporation of climate and predictions about shifts in ecosystem dynamics into 
management, and a stronger focus on reforestation, especially in Russia where defor- 
estation and fragmentation are most pronounced. International policy and instru- 
ments are recognized as a potentially important source of financing to support action 
on climate change and the preservation of biodiversity (Hoogeveen & Verkooijen, 
2010). Climate commitments should also create new business opportunities for local 
communities, for example through the development of wood as a source of renewable 
bioenergy (Fuss et al., 2019). 

There is also a growing network of nongovernmental organizations collaborating 
on issues related to boreal forest conservation and operating across national bound- 
aries, such as the Nature Conservancy, the World Wildlife Fund, and Greenpeace. 
A notable example was the establishment of the Canadian Boreal Forest Agree- 
ment (CBFA), described as "the world's largest conservation agreement which incor- 
porates both environmental and economic values" (CPAWS-Saskatchewan, 2021). 
Funded, in part, by foundations from the United States, this was a voluntary agree- 
ment involving forestry companies and environmental NGOs aimed at protecting 
habitat for woodland caribou through restrictions on forest harvesting in sensitive 
habitats in exchange for the suspension of environmental NGO campaigns against 
industry. However, the CBFA suffered from a loss of credibility related, in part, to 
the exclusion of Indigenous peoples from negotiations, and this agreement was ulti- 
mately unsuccessful (Fuss et al., 2019). There have also been international efforts 
to build research capacity and to help actors measure and track progress toward 
implementing sustainable forest management (Linser et al., 2018). Organizations 
such as the United Nations Intergovernmental Forum on Forests (IFF) and the Food 
and Agriculture Organization (FAO) have supported processes to develop criteria 
and indicators of sustainable forest management at regional levels, including their 
integration into Agenda 21 (McDermott et al., 2010). 


20.3.2 Marketization 


Another dominant strategy in the pursuit of sustainable forest management in the 
boreal forest is the use of market-based approaches. Rather than being founded 
in traditional legal or regulatory approaches, these are driven by the private sector 
and civil society actors and focus on enhancing corporate responsibility. Most are 
based on voluntary corporate action via a commitment to a sustainability-centered 
norm or policy through an incentive-based system. Market-based approaches are 


520 S. Teitelbaum et al. 


described as part of the neoliberal turn within environmental governance because they 
minimize/displace the role of government as the central source of decision-making 
authority (Krott et al., 2014). They are often promoted as “win-win” opportunities 
that marry economic efficiency—market-based approaches are described as innova- 
tive and cost-effective—and environmental protection. There is increasing evidence 
of government involvement and support of market-based approaches, leading some to 
describe regulatory regimes as hybrid or intersecting (Bostrom, 2003; Schneiberg & 
Bartley, 2008). Examples include corporate codes of conduct and forest certifica- 
tion. Market-based approaches have spurred important debates within civil society 
and academic circles regarding the degree to which they facilitate systemic change 
in practices (Klooster, 2010; McCarthy, 2006). 

In boreal regions, including Canada, Sweden, and Russia, the leading example 
of market-based instruments are forestry certification standards (Chap. 21), which 
have made huge gains in recent decades. Forestry certification is based on corporate 
conformance to a forest management standard, covering social, environmental, and 
economic aspects. Performance is most often verified by third-party auditors, and the 
successful adherence to the standard is rewarded through the opportunity to use the 
logo, which in theory confers a certain market advantage (Rametsteiner & Simula, 
2003). Several certification systems compete for space internationally, including 
Programme for the Endorsement of Forest Certification (PEFC) standards and the 
Forest Stewardship Council (FSC). The FSC standard was created in 1994 by envi- 
ronmental and civil society groups along with industry partners in response to the 
failure of governments to develop a binding international forest agreement. PEFC, 
an industry-based system, was created a few years later; it is based on the endorse- 
ment of existing certification standards that comply with PEFC’s international and 
regional criteria. 

Both FSC and PEFC include commitments to local and Indigenous communities. 
FSC, widely considered the most stringent in this area, integrates the principle of 
free, prior, and informed consent (FPIC) into its international and national standards 
(Mahanty & McDermott, 2013; Teitelbaum et al., 2021), whereas PEFC recognizes 
Indigenous rights through written policies, communications, and the protection of 
cultural sites. However, Indigenous people have expressed discontent with certifica- 
tion, questioning its ability to adequately protect their rights and denouncing power 
asymmetries in favor of industrial stakeholders (Johansson, 2014; Tikina et al., 2010). 
Furthermore, although certification systems require forestry companies to engage in 
public participation and include measures for the protection of local forest-based 
activities, Indigenous people have raised concerns over the insufficient evaluation of 
their use of land and resources (Teitelbaum & Wyatt, 2013), leading to inadequate 
protection and rehabilitation of biocultural landscapes (Meadows et al., 2019). From 
a governance perspective, certification has helped reconfigure relationships and adds 
a new level of oversight and transparency to forest management (Johansson, 2014; 
Sandstróm & Widmark, 2007; Tikina et al., 2010). For example, the FSC's Permanent 
Indigenous Peoples Committee allows Indigenous people to be involved in standard 
development and review (Meadows et al., 2019). 


20 Local and Indigenous Community Governance 521 


20.3.3 Decentralization 


Decentralization can be defined as the transfer of powers from the central govern- 
ment to lower-level actors and institutions (Agrawal & Ribot, 1999). Others use the 
terms devolution or community-based management to refer to initiatives that provide 
enhanced decision-making authority to local communities (Ambus & Hoberg, 2011). 
What unites these different approaches is the dispersion of points of decision-making 
to new actors and institutions, usually toward the local or regional level (Bissonnette 
et al., 2020). Since the 1990s, decentralization of natural resource governance has 
become a popular approach with international organizations, aid agencies, and state- 
based agencies, especially in the global South (World Bank, 1999). Disappointed 
with the shortcomings of centralized and top-down resource governance, decentral- 
ization was seen as an avenue with the potential to enhance participation and equity in 
resource management (Larson & Petkova, 2011). Whether through local government 
agencies or community-based institutions, these organizations were seen as being 
closer to affected populations and thus better able to include their views, reflect 
their concerns, and capitalize on local knowledge and priorities when designing 
appropriate development strategies. However, decentralization is often administra- 
tive (from central governments to local branches of central governments) rather 
than political (from central governments to local communities; Ribot et al., 2006). 
This has created difficulties for local governments and community organizations 
who often find themselves charged with operational responsibilities, whereas the 
more strategic aspects remain in the hands of central governments. Some researchers 
Observe that the rise of decentralization is synonymous with a neoliberal shift within 
policymaking, which has resulted in the imposition of administrative responsibilities 
on lower institutional levels without the corresponding authority, political power, or 
financial resources to manage forests effectively (McCarthy, 2006). 

Both in Sweden and Canada, comparisons of various management scenarios and 
forest simulation studies have shown that taking into account the needs and views 
of Indigenous people only marginally reduces profits from logging, while increasing 
social acceptability and maintaining cultural and biological diversity (Asselin et al., 
2015; Dhital et al., 2013; Horstkotte et al., 2016; Korosuo et al., 2014). With that 
in mind, decentralization could theoretically allow for greater autonomy and self- 
government for Indigenous communities. In Québec, different types of delegation 
agreements are defined in the forest management regime, many of which have been 
used by band councils, including those of the Atikamekw (Fortier & Wyatt, 2019) 
and the Mi’kmaq (Blouin et al., 2020). The Cree Nation of Québec, working with 
provincial authorities, has been crafting culturally sensitive forestry arrangements 
on its ancestral lands, which are under a modern treaty (Jacqmain et al., 2012). In 
northern Saskatchewan, forestry co-management has been in place through Mistik 
Management, which is based on a participatory approach led by industry. However, 
in most cases, forest-related arrangements between Indigenous communities and 
provincial authorities remain small-scale and with a limited scope in terms of land 
control and governance (Blouin et al., 2020). Moreover, administrative procedures 
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required to set up and pursue even limited agreements involve costs that are often 
prohibitive (Lawler & Bullock, 2019). In addition, there are concerns that upon 
signing delegation agreements, Indigenous peoples in Canada are forced to accept 
institutional parameters of the state “whose strategy consists essentially in consoli- 
dating its colonial (and racist) sway over Indigenous peoples" (Salée & Lévesque, 
2010, p. 101). Nevertheless, it can also be argued that Indigenous peoples have the 
capacity “to advance their cause and navigate efficiently and creatively past the state's 
roadblocks on the path to political autonomy" (Salée & Lévesque, 2010, p. 101). 


20.4 Further Examination of Decentralization in Boreal 
Regions 


20.4.1 Case Study of Community Forests in Canada 


Community forestry is a broadly accepted if somewhat mythologized term in Canada. 
Both rural and Indigenous communities across Canada have manifested their discon- 
tent with the industrial-corporate model of forestry stemming from the perception 
that insufficient benefits are being retained in local communities and because of 
concerns that forestry is causing long-term damage to ecosystems, including water 
quality (Teitelbaum, 2016). Thus, community forestry is synonymous with an alter- 
native form of development, which is seen to increase local decision-making over 
forest resource use and management by developing forestry practices that reflect 
community objectives and values while improving cultural, ecological, and economic 
sustainability (Bullock & Hanna, 2017; Mcllveen & Rhodes, 2016). A variety of 
practices and institutional arrangements fall under the umbrella term of community 
forestry (Teitelbaum et al., 2006). However, most arrangements take place between 
local communities, usually represented by an organization, i.e., municipality, NGO, 
Indigenous band council, provincial public land management authorities, and, in 
some cases, private forestry companies. As a result, community forest initiatives 
mainly rest on complex arrangements that often require the devolution of power by 
provincial authorities to local organizations (Fuss et al., 2019). 

Progress toward implementing community forestry in Canada has mainly occurred 
in provinces that have made legal reforms in that direction, often in response to 
conflicts surrounding forest use and community dissatisfaction with the extent of 
participation in decision-making (Bullock & Hanna, 2012; Lawler & Bullock, 2017). 
In the case of Indigenous-run forests, some arrangements have come about as the 
result of political negotiations regarding land rights. One well-known initiative in 
Canada is the British Columbia Community Forest Agreement. Initially started as 
a pilot program in 1998, it was eventually made an official tenure, allowing the 
provincial government to grant community forest tenures to organizations such as 
local governments, Indigenous communities, and community groups through 25- 
year renewable leases. There are now more than 50 community forests of this type in 
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British Columbia (Government of British Columbia, 20202) of which approximately 
one-quarter are held by Indigenous communities. Many of these initiatives have 
achieved their goals, such as increasing local benefits from forestry and providing 
jobs in small timber-dependent communities. The Burns Lake Community Forest, 
located in the north-central interior of British Columbia, is often cited as an exem- 
plary case of a successful community-based forestry operator (Mcllveen & Brad- 
shaw, 2009). However, pressure on the forest sector exerted by the mountain pine 
beetle epidemic and forest fires has endangered the economic stability of the Burns 
Lake Community Forest, revealing some of the vulnerabilities of operating on a 
smaller scale in a context dominated by large and highly industrialized firms (Mcll- 
veen & Rhodes, 2016). Indeed, despite its success, the design of the BC community 
tenure has been criticized, as it is seen as replicating pre-existing provincial industrial 
land-based forest tenures, which provide limited flexibility and authority to tenure 
holders (Ambus & Hoberg, 2011). British Columbia has also created a tenure for 
Indigenous communities—the First Nations Woodland Licences—of which there 
are 19, covering an area of 3,795,000 ha (Government of British Columbia, 2020b). 
Nevertheless, the extent of governmental devolution is also criticized here. As with 
the Burns Lake Community Forest, “the emphasis remains on timber production 
with all final decisions regarding forest management continuing to be held by the 
Ministry of Forests and Range" (Trosper & Tindall, 2013, p. 313). 

Ontario and Québec have also made reforms in the direction of community 
forestry. The 2009 Ontario Forest Tenure Modernization Act, although yielding 
mixed results, exemplifies some of the measures deployed by provincial governments 
to reform forest tenure and grant more power to resource-dependent communities 
(Palmer et al., 2016). For example, the province created Local Forest Management 
Corporations (LFMCs), Crown agencies responsible for vast forest territories, which 
include community and Indigenous representatives on the board of directors. It is 
difficult to compare these LFMCs with community forests elsewhere in Canada, as 
they remain very much in line with the large-scale and industrialized approach to 
forest management. 

In Québec, the 2010 Forest Regime includes a provision on community forests 
through the concept of Local Forest (usually referred to as forét de proximité), which 
involves the extensive delegation of responsibilities. Although this possibility has 
elicited much enthusiasm among forest stakeholders, its large-scale implementa- 
tion has been delayed numerous times (Bissonnette et al., 2020). Nevertheless, in 
Ontario, as in Québec, community forest initiatives have been implemented on public 
lands, often through community-based or municipal management corporations that 
established mutually beneficial partnerships with logging companies, outside formal 
arrangements provided by existing legal frameworks, i.e., Maria-Chapdelaine in 
Saguenay-Lac-Saint-Jean, Québec, and the Enhanced Sustainable Forest License, 
in northern Ontario (Fournier, 2013; Lachance, 2017). One of the greatest barriers 
to the development of community forestry in the boreal forest is the organization of 
the forestry sector around large-scale industrial logging, which has constrained the 
capacity for innovation in tenure. In southern Québec and Ontario, municipal forests 
exhibit innovative forms of community-based governance processes that depend on 
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local citizen participation (Bissonnette et al., 2020). A primary concern of munic- 
ipal, Indigenous, and conservation authorities in Ontario and Québec, for example, 
is the protection and enhancement of ecosystem services (Teitelbaum & Bullock, 
2012; Uprety et al., 2017). In these cases, clear tenure rights and the absence of pre- 
existing area-based agreements with logging companies provide local stakeholders 
with more power to implement community forest practices and allow communities 
to set up alternatives to the productivist forest regime present in Canada since the 
beginning of the industrial era (Blais & Boucher, 2013). 


20.4.2 Case Study of Collaborative Planning Between 
the Forest Industry and the Sami in Sweden 


The Sami Indigenous people have a usufructuary right to practice reindeer husbandry, 
which takes place in about 7596 of the forest area in northern Sweden, including 
both public and private lands (Johansson, 2014). However, frequent conflicts arise 
with forest companies, making it difficult for the Sami to assert their rights, despite 
compulsory consultation procedures having been introduced by the Swedish govern- 
mentin the 1970s in year-round grazing areas (Widmark, 2006) and recently extended 
to all grazing areas by the FSC certification standard (FSC Sweden, 2010). On the 
one hand, timber harvesting removes not only trees but also lichen, the reindeer's 
preferred winter food. On the other hand, preserving older, lichen-rich forests exclu- 
sively for reindeer grazing leads to lost timber revenues (Bostedt et al., 2003). Joint 
management could simultaneously benefit the forest industry and the Sami reindeer 
herders by using selective cuts instead of clear-cuts (Berg et al., 2008; Korosuo et al., 
2014); however, there are currently no joint management initiatives in Sweden, except 
for a few experiments (e.g., Stjernstróm et al., 2020). Moreover, selective cuts are 
not allowed by the Swedish Forestry Act (Skogsvárdslagen) because they allegedly 
do not allow for meeting forest regeneration objectives. In one joint management 
experiment, Sandstróm et al. (2006) used a collaborative learning technique to bring 
together five forestry representatives and five Sami representatives to evaluate seven 
scenarios describing alternative future relationships. They identified six overarching 
needs that should be addressed to improve relationships: (1) agree on a common defi- 
nition of what consultation is; (2) adopt a long-term perspective; (3) consult earlier 
in the planning process; (4) improve consultation tools, e.g., maps, by using both 
scientific and Indigenous knowledge; (5) value different activities on the land; and (6) 
elaborate a conflict resolution strategy. The importance of adopting co-management 
is increasingly evident, as climate change affects both the forest industry and reindeer 
husbandry, both of which would benefit from working together toward the adapta- 
tion of the entire socioecological system (Moen & Keskitalo, 2010; Pape & Lóffler, 
2012). 
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In 2017, the Swedish government proposed a bill on the obligation to consult Sami 
people (Larsen & Raitio, 2019). The proposal was severely criticized on both indus- 
trial and Sami fronts. First, the industry feared the bill would increase uncertainty 
over resource access and threaten economic interests. Second, the Sami parliament 
denounced the first draft of the bill, arguing that it did not allow meaningful influence 
on decision-making and failed to comply with international standards for protecting 
Indigenous cultures and rights. When this chapter was written, the bill had yet to 
be adopted. Meanwhile, the FSC National Forest Stewardship Standard of Sweden 
was revised in 2020 and now requires large forest owners to engage in a participa- 
tory planning process with reindeer-herding communities, which “can choose to give 
consent to the proposed management activity, together with the considerations and 
any adaptations that are agreed upon in the participatory planning process, or choose 
not to give consent to the activity" (FSC, 2020, p. 25). However, the new standard 
goes on to specify that, in case of dispute, if the parties cannot reach an agreement 
despite all the conflict resolution and mediation measures in place, “it is up to [the 
company] to either: (a) raise the management activity for participatory planning again 
once the forest grazing conditions have changed or; (b) carry out the activity without 
the consent of the [reindeer-herding community]" if the company can show that the 
Sami demands would substantially affect long-term forest management or that the 
Sami did not provide a sufficiently clear account of how the activity would disturb 
reindeer herding (FSC, 2020, p. 26). Hence, while timid advances are being made 
toward increased Sami participation in decision-making, the search continues for an 
effective collaborative planning process. To this end, a pilot project of innovative 
land-use planning was undertaken in the municipality of Vilhelmina (Bjarstig et al., 
2019). The project revealed the importance of (1) personally contacting participants 
and making sure all interest groups are represented; (2) jointly establishing a timeline; 
(3) agreeing on responsibilities; (4) setting clear objectives; (5) building capacity and 
involving the locals in drafting the plan (rather than merely being consulted on it); (6) 
providing participatory mapping tools; (7) relying on a neutral external moderator to 
facilitate the meetings; and (8) providing multiple occasions for participants to react 
on and validate the plan, both individually and during group meetings. 


20.5 Conclusions 


In this chapter, we explored the role played by local and Indigenous communi- 
ties in boreal forest governance, focusing on the Canadian and Swedish contexts. 
The impending transformation of the boreal forest because of global environmental 
change will require making difficult management decisions to ensure boreal forests 
continue to play their key ecological functions, e.g., contribution to biodiversity 
and carbon sequestration. It is increasingly recognized that local and Indigenous 
communities must be involved in forest governance, in a bottom-up manner, for 
management decisions to be in phase with the local context and garner social accept- 
ability. Moreover, it is now widely recognized that local and Indigenous ecological 
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knowledge can significantly contribute to improving forest ecosystem management 
and reduce the impacts associated with large-scale industrial logging (Angelstam 
et al., 2011; Asselin, 2015). We emphasized three key trends that influence the 
level of involvement of local and Indigenous communities in boreal forest gover- 
nance: internationalization, marketization, and decentralization. These trends reveal 
the growing importance of nonstate actors in boreal forest governance and hence the 
complex interactions among environmental NGOs, public authorities, Indigenous 
communities, and forest industries. This analysis revealed that governance in boreal 
forests is fragmented and is characterized by a diverse set of national and global 
policy instruments, including voluntary approaches. The limited reach of interna- 
tional regulation frameworks in boreal forest management, i.e., the Convention on 
Biological Diversity's Aichi Targets, highlights the need for public participation 
to elaborate management guidelines to ensure the resilience of the socioecological 
system. The role of national governmental authorities in boreal forest management, 
whether planning forestry activities or devolving this responsibility to industry, has 
raised concerns over the possibility of ensuring adequate participation of local and 
Indigenous communities. The alleged insufficiency of national regulatory frame- 
works and a lack of international hard law on boreal forest governance have partly 
been filled in Canada and Sweden by market-driven initiatives such as certifica- 
tion standards. Although coupled with the pursuit of forest exploitation, the most 
stringent standards, e.g., FSC, can, in some cases, be more rigorous and demanding 
than national forest laws, allowing for greater protection of biological and cultural 
diversity. Indigenous peoples have found through certification a forum to not only 
express their views and needs but to directly influence policymaking. However, there 
remains an important gap between the aspirations of Indigenous peoples with regard 
to land stewardship and the progressive changes brought about through certification 
(Johansson, 2014; Teitelbaum & Wyatt, 2013). More importantly, certification stan- 
dards purportedly deepen market-based relations and reinforce a neoliberal logic that 
is considered contrary to values defended by many local and Indigenous communities 
(Klooster, 2010). 

A growing community of researchers and advocacy groups is calling for the 
implementation of community forest initiatives that support local and Indigenous 
visions, recognize the value of community involvement in forest management, and 
support the diversification of forest uses to enhance social and ecological resilience. 
However, decentralization still too often equates with the mere transfer of power from 
the central government to its regional constituents instead of a real devolution to local 
and Indigenous communities (Ribot et al., 2006). The large-scale industrial forest 
exploitation model is embedded in production-based boreal forest tenure systems, 
which drastically constrains local communities’ involvement and the diversification 
of forestry practices. As we have demonstrated, the case studies examined here face 
a number of challenges related to the scope of decision-making authority, regulatory 
flexibility, and economies of scale. However, these initiatives nonetheless represent 
clear examples of institutional innovations, which are forging a new path in regard to 
the conciliation of timber-related objectives with other community priorities related 
to the integration of sociocultural values and the protection of ecosystems. 
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Abstract Forest certification has expanded rapidly in boreal forests as a means 
to verify responsible management. It was spearheaded in the early 1990s by civil 
society organizations concerned about the negative impacts of industrial forestry 
on biodiversity and the rights of Indigenous and local communities. Certification 
standards are agreed by multistakeholder groups and outline a set of environmental 
and social requirements. Forest companies that meet those standards can put a green 
label on their wood products, thus gaining market recognition for good forest prac- 
tice. This chapter reviews the particular challenges facing certification in the boreal 
region and the ongoing debates about how best to address those challenges. It exam- 
ines differences between certification schemes and variations in requirements across 
world regions on key issues, such as protecting the rights of Indigenous and local 
communities and management of woodland caribou. It finds, for example, that the 
recognition and protection of Indigenous rights are more comprehensive in Canada 
than in Russia. This highlights the political and dynamic nature of certification as it 
evolves and adapts to changing social and environmental contexts. 


C. L. McDermott (BX) 

Environmental Change Institute, School of Geography and the Environment, University of 
Oxford, OUCE 5 South Parks Road, Oxford OX1 3QY, UK 

e-mail: constance.mcdermott @ ouce.ox.ac.uk 


M. Elbakidze 

Faculty of Forest Sciences, Swedish University of Agricultural Science, Herrgardsvagen 8, 739 31 
Skinnskatteberg, Sweden 

e-mail: marine.elbakidze @slu.se 


Faculty of Geography, Ivan Franko National University of Lviv, Doroshenko str., 41, Lviv 29000, 
Ukraine 


S. Teitelbaum 

Département de Sociologie, Université de Montréal, Pavillon Lionel-Groulx, P.O. Box 6128, Stn. 
Centre-Ville, Montréal, QC H3C 3J7, Canada 

e-mail: sara.teitelbaum @umontreal.ca 


© The Author(s) 2023 533 
M. M. Girona et al. (eds.), Boreal Forests in the Face of Climate Change, 

Advances in Global Change Research 74, 

https://doi.org/10.1007/978-3-031-15988-6 21 


534 C. L. McDermott et al. 


21.1 Introduction 


Forest certification is a system for labeling forest products produced in accordance 
with environmental and social standards of responsible forestry. Forest certifica- 
tion first emerged in the late 1980s and early 1990s in response to rising concerns 
over the negative impacts of industrial wood production, particularly in tropical and 
temperate old-growth forests. Tropical deforestation was accelerating at this time, 
as were conflicts over the logging of old-growth stands on the Pacific Coast of 
North America (Cashore et al., 2010). This era was also pivotal in the struggle over 
Indigenous rights to land and territory, with the adoption by the International Labour 
Organization's (ILO) of the Indigenous and Tribal Peoples Convention in 1989. The 
strong presence of Indigenous peoples and other local communities in forest areas 
around the world led to the inclusion of Indigenous rights and community well-being 
in forest certification standards from the outset of the forest certification movement. 

More recently, global attention has expanded to encompass boreal forests. These 
forests contain nearly the same percentage of intact forest landscapes as the tropics 
and hence are considered important biodiversity “hot spots" (Potapov et al., 2008). 
They are also home to large numbers of Indigenous and forest-dependent commu- 
nities. As industrial harvesting in the boreal region intensifies, large boreal forest 
companies are under increasing pressure to become certified to demonstrate respon- 
sible practice that protects biodiversity and does not harm the rights and livelihoods 
of local communities. This pressure is reflected by the countries with the largest 
boreal forest areas, such as Canada and Russia, leading the world in area of certified 
forest (FSC, 2019, PEFC, 2020). 

Forest certification is frequently referred to as nonstate market-driven (NSMD) 
forest governance (Cashore et al., 2004) because it is spearheaded by nongovern- 
mental actors and is focused on market incentives. The oldest global scheme is the 
Forest Stewardship Council (FSC), which was founded in 1993 by a consortium 
of environmental and social nongovernmental organizations (NGOs) and concerned 
members of the wood products and retail sectors. These stakeholders were frustrated 
by the failure of governments to agree on a global forest convention that would 
protect the world's forests and by the limited effectiveness of boycotts and other 
negative pressure campaigns to arrest forest loss (Auld et al., 2008). They were also 
alarmed by the growing number of private labels and claims being made about the 
sustainability of wood products and the lack of transparency about what was behind 
these claims (Elliott, 2000). 

Hence, the FSC was designed as a global multistakeholder institution that sets 
environmental and social standards of responsible forest practice, e.g., see Pattberg 
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(2005). Itis a membership organization divided into three chambers—environmental, 
social, and economic—each with equal voting power. Voting power is likewise evenly 
split between the global North and South. At the international level, the FSC has 
created ten principles and criteria (FSC P&C) for good responsible forest manage- 
ment (FSC, 20152). They are supplemented with national indicators developed by 
national working groups to guide the interpretation of the FSC P&C in particular 
country contexts. 

All FSC standards are subject to revisions every five years to improve and update 
their relevance to contemporary forest challenges (FSC, 2008). As discussed in more 
detail in Sect. 21.3, the FSC has recently introduced a set of international generic indi- 
cators (IGIs) to harmonize standards across countries. This follows a general trend 
among certification standards toward increasing detail and prescription to ensure 
consistent interpretation (Judge-Lord et al., 2020). Debates over the correct level of 
harmonization between national standards and the correct level of prescription or flex- 
ibility in certification standards have generated considerable conflict and dynamism 
in certification rule-making over time. 

In addition to its multistakeholder standards, the FSC's claim to legitimacy is also 
based on a system for accrediting and monitoring third-party auditors to assess the 
compliance of forest companies to its standards. It likewise oversees the chain of 
custody (CoC) of wood products leaving certified forests and entering the market- 
place, requiring formal monitoring and verification of product claims involving the 
FSC label. 

Despite the FSC's efforts to serve as the single go-to label for responsible forestry, 
its lack of government authority and reliance on market support leave it open to 
competition from other schemes. In particular, the Programme for the Endorsement 
of Forest Certification Schemes (PEFC) has gained widespread industry support as 
the FSC's main competitor. The PEFC is a global organization that endorses national 
forest certification schemes which meet its rules and guidelines. Over time, the FSC 
and PEFC have competed with each other for market dominance, engaging in claims 
and counterclaims about the relative stringency or appropriateness of their respective 
standards and procedures (Judge-Lord et al., 2020). As of April 2020, the FSC had 
certified roughly 211 million ha in 82 countries compared with PEFC having certified 
about 325 million ha in over 70 countries (FSC, 2020c). 

Whatever the differences between the FSC and PEFC, both schemes share several 
core challenges. First, the distribution of forest certification worldwide is highly 
uneven, with most certified areas located in developed countries in the global North 
and involving large, high-capacity producers able to (1) meet the extensive require- 
ments for formal documentation of forestry management planning and forestry 
impacts and (2) absorb the high costs of annual auditing. As the relatively lucrative 
wood product markets in developed countries are increasingly demanding certifica- 
tion, this can exclude many small-scale and community-based producers from these 
markets, even if these producers practice responsible forest management. Indeed, 
these kinds of inequalities are common to sustainability certification across a range 
of sectors beyond the wood products industry (McDermott, 2013). 
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In part because of these inequalities, the presence of large areas of forest not 
managed primarily for timber production, as well as factors such as low demand for 
certified wood products and the low industrial capacity in the global South (Ebeling & 
Yasué, 2009), growth in certified forest area worldwide has slowed (FSC, 2020c). 
This fuels concern that, even if certification succeeds in promoting good practice 
within certified forest areas, it could displace rather than eradicate bad practices 
beyond its borders. It also feeds debates over the difficulty and stringency of certifi- 
cation standards— standards that are very stringent and expensive to implement may 
have limited market uptake, whereas standards that are very flexible may do little 
to change status quo forest practice (Cashore et al., 20072). Yet regardless of these 
ongoing challenges and debates, some of certification's greatest impacts may be on 
forest governance as a whole through the creation of new norms for stakeholder 
participation and the protection of a wide range of forest values (Auld et al., 2008). 

All these issues serve as a backdrop to the particular case of certification in boreal 
forests. The next section outlines some of the key forest management challenges rele- 
vant to boreal forests, including respecting and protecting the rights of Indigenous 
peoples and local communities and protecting the remaining large, intact boreal forest 
landscapes. We then delve into the FSC's recent introduction of IGIs and discuss 
the pros and cons of harmonizing standards between countries and how harmo- 
nizing efforts have played out differently across the boreal forest countries of Russia, 
Canada, and Sweden. This is followed by a discussion of other key trends, including 
the expansion of forest certification to encompass additional environmental priorities, 
e.g., climate change and ecosystem services, the role of new monitoring technologies 
to improve credibility and lower costs, and the efforts to increase access to certifi- 
cation for smallholders and low-intensity forest producers. We then conclude with 
some general reflections on the dynamic and evolving nature of forest certification 
in boreal forests and beyond. 


21.2 Key Challenges in the Certification of Boreal Forests 


21.2.1 Respecting the Rights of Indigenous Peoples 


Both major forestry certification systems in boreal regions, the FSC- and PEFC- 
endorsed national certification schemes, address the rights of Indigenous peoples in 
their forest management standards. However, the conciliation of industrial forestry 
with the livelihood practices of Indigenous peoples represents a significant challenge 
and land-use conflicts are frequent (Huseman & Short, 2012; Johnson & Miyan- 
ishi, 2012; Tulaeva & Tysiachniouk, 2017). In some countries such as Canada and 
Sweden, legal systems provide the foundations for arbitrating relationships between 
Indigenous peoples and resource development; however, there is also a role played 
by market-based initiatives such as forest certification. 
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The FSC has been described as leader in the area of Indigenous rights because of its 
governance structure and standard design (Mahanty & McDermott, 2013; Meadows 
etal., 2019). Within governance structures at international and national levels, Indige- 
nous peoples are usually represented within the FSC's social chamber. In Canada, 
however, a fourth Aboriginal chamber was created. In 2013, the FSC International 
Board created a Permanent Indigenous Peoples Committee to advise the board on 
issues affecting Indigenous rights. In regard to standards, the international FSC P&C 
include "Principle 3: Indigenous peoples' rights" along with multiple associated 
criteria, such as requirements to uphold the legal and customary rights of Indigenous 
peoples through Free, Prior, and Informed Consent (FPIC), adherence to United 
Nations Declaration on the Rights of Indigenous Peoples (UNDRIP) and the Inter- 
national Labor Organizations’ (ILO) Convention 169, and the protection of special 
sites and traditional ecological knowledge (FSC, 2015a). 

The 2018 international PEFC benchmark standard also calls for compliance with 
ILO 169, UNDRIP, and FPIC under Sect. 6.3 on “compliance requirements” (PEFC, 
2018a). The PEFC’s endorsement of national certification schemes requires demon- 
strating compliance with the PEFC benchmarks, but there is flexibility in translating 
these benchmarks into national standards (Judge-Lord et al., 2020). In Canada, 
consultation requirements are framed around stipulations for developing Indige- 
nous policies, conferring with Indigenous peoples, and responding to inquiries and 
concerns (Smith & Perreault, 2017). In Sweden, the PEFC standard addresses Sami 
rights through provisions requiring large forest owners to obtain agreements through 
consultation with Sami peoples before establishing exotic species on sites of special 
importance to reindeer herding and requiring compliance with provisions from the 
Swedish Forest Act (PEFC Sweden, 2016). 

Only a few studies have looked at the impacts of certification on Indigenous 
peoples in boreal regions, and some only address Indigenous rights as part of a larger 
suite of issues. Most of these studies have focused on the Forest Stewardship Council 
rather than the PEFC. 

Research addressing FPIC in Canada includes a study by Mahanty and McDer- 
mott (2013) that compared the FSC FPIC standards and implementation in Canada 
and Brazil. These authors found that contextual factors, such as the strength of 
government laws and policies, play a key role in either supporting or undermining 
FPIC requirements. Similarly, Teitelbaum et al. (2019) and Wyatt and Teitelbaum 
(2018) provided examples of the politicization of FSC certification resulting from a 
"regulatory gap" between the FSC’s Indigenous consent requirements and govern- 
mental practices of consultation. In one case, this culminated in a high-profile dispute 
between a well-known forestry company and an Indigenous nation (the James Bay 
Cree), which, while instigated by an FSC-certification decision, was only resolved 
through high-level negotiations at a governmental level (Teitelbaum et al., 2019). 

In another Canadian study, Masters et al. (2010) found that the FSC’s Indige- 
nous requirements are some of the most challenging to achieve, observing that Prin- 
ciple 3 accrued the second-largest number of mandatory corrective action requests 
compared with the nine other FSC principles. A review of audit reports and an 
in-depth qualitative study of one audit by Teitelbaum and Wyatt (2013) showed a 
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tendency for auditors to issue minor nonconformances and to accept evidence of 
"work in progress" rather than outright compliance. Several studies have also indi- 
cated that Indigenous-owned forestry companies, many of which are small-scale, 
face barriers to certification because of the high financial costs and administrative 
burdens associated with certification (Collier et al., 2002; Mahanty & McDermott, 
2013). 

In regard to PEFC in Canada, a study of the PEFC-endorsed Canadian Standards 
Association (CS A) forest certification scheme found evidence that Aboriginal orga- 
nizations were not satisfied with CSA standards for Indigenous consultation. As a 
result, the National Aboriginal Forestry Association withdrew from participating in 
the CSA review process because of the lack of a distinct Aboriginal criterion (Smith, 
2004; Tikina et al., 2010). For both the PEFC and FSC, Indigenous communities 
face challenges related to insufficient knowledge and information concerning forest 
certification (Johansson, 2014; Kant & Brubacher, 2008). 

In Russia, a recent study examined the effects of FSC certification on the 
Evenk community in Tokma, Siberia. In this remote community, local consultations 
conducted as part of efforts to meet the FSC Russia standard led an FSC-certified 
company to construct a winter road for local residents, contribute to renovations 
of the post office and airport, provide essential medical equipment, and respond to 
community requests for lumber (Tysiachniouk & Henry, 2019). 

Several studies in Sweden focus on the perceptions and experiences of Sami 
reindeer-herding organizations having FSC certification. Overall, the research find- 
ings reveal mixed reactions. On the one hand, there is a recognition among Sami inter- 
view respondents that the FSC has improved the consultation processes. For example, 
the introduction of FSC requirements increased the geographic area included under 
forestry industry consultations to include those forests used during the winter— 
forests previously excluded from the consultations required under the Swedish Forest 
Act (Sandstróm & Widmark, 2007; Keskitalo et al., 2009). Another study, focused 
on a single Swedish county, found that Sami respondents felt forestry companies 
had become more aware of issues faced by reindeer herders (Johansson, 2014). On 
the other hand, several studies report dissatisfaction among Sami respondents with 
the consultation processes owing to a lack of influence (Keskitalo et al., 2009). Sami 
respondents in Johansson's study (2014) reported that current forest management 
practices were resulting in the progressive degradation of key grazing habitat because 
of the lack of real integration of Sami concerns, creating “very pessimistic views on 
the long-term effects of FM [forest management] in this county" (Johansson, 2014, 
p. 184). Similarly, in a study by Sandstróm and Widmark (2007) covering territories 
under both government consultation and FSC regimes, respondents from reindeer- 
herding communities described consultations as a form of "information sharing" or 
"dialogue" with little real influence over decisions. 
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21.2.2 Local Forest-Dependent Communities 


The certification standards of both the FSC and PEFC cover a range of issues relating 
to local communities, including the protection of local people's livelihoods, workers’ 
rights, and the protection and use of nontimber forest products. However, the ways 
in which local communities value and use local resources vary significantly among 
countries and regions. 

In Russia, approximately 20% of the population lives in forested areas. Many of 
these communities depend directly on forest resources (e.g., mushrooms, berries, and 
bushmeat) for their basic subsistence. Life in these rural areas is affected by general 
institutional turbulence at the national level, the restructuring of Russian state agen- 
cies with constantly changing jurisdictions, and the domination of large international 
companies in the forest sector (Kotilainen et al., 2008). Local people in the more 
marginalized and remote areas suffer from poor infrastructure, poor development 
of local small and medium businesses, and severe unemployment. Logging rights 
to Russia's state-owned forests are generally allocated to large-scale timber conces- 
sions and generate minimal local employment (Tysiachniouk & McDermott, 2016). 
Although local workers may be employed for low-skill, low-wage work in harvesting 
and wood processing, skilled workers, such as those required to run harvesters and 
forwarders, are typically hired from outside the local communities (Tysiachniouk, 
2012). 

Despite forest certification standards calling on forest companies to consult with 
local communities about logging impacts, research on standards’ implementation 
suggests such consultation is often minimal. As standard practice, companies may 
make formal announcements in the newspapers to invite local residents to consulta- 
tions; however, attendance at such meetings is low. Those who do attend may focus 
on grievances such as road damage and dust from logging activities, poor village 
infrastructure, high prices for sawed wood, and the lack of firewood, but many of 
these complaints are likely to go unresolved (Tysiachniouk, 2012). 

Some FSC certificate holders employ social experts in community organizing to 
better comply with certification requirements, and there is some evidence this has 
led to significant improvements in community outreach (Maletz, 2013; Maletz & 
Tysiachniouk, 2009; Tysiachniouk, 2012). These improvements have been achieved 
through the extensive and proactive engagement of community members, informing 
them of the FSC standards and what rights they have within the FSC system (Tysiach- 
niouk & Henry, 2015; Meidinger & Tysiachniouk, 2006). Such cases are, however, 
more the exception than the rule, and most communities lack the institutional capacity 
to engage effectively with companies in the absence of external support (Keskitalo 
et al., 2009; Tysiachniouk, 2012). 

Whereas there is limited evidence that the FSC's generalized requirements for 
community consultation have had much effect on forest practices in Russia, FSC 
Principle 9 requirements for designating socially valuable high conservation value 
(HCV) forests have shown more promise. In some cases, villagers have participated 
actively in the HCV process to allocate places on company leaseholds for the special 
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protection of sites where communities gather mushrooms and berries or where there 
are historically valuable territories, such as battlegrounds, cemeteries, and places of 
religious significance (Maletz & Tysiachniouk, 2009; Tysiachniouk, 2012; Tysiach- 
niouk & Henry, 2015). There has been less success, however, in allocating hunting 
grounds as HCV. Hunters are often reluctant to disclose their hunting sites, which 
may be spread across many localities and include sheds that are considered illegal 
in Russian legislation. Similar to the findings on Principle 3 and Indigenous rights 
detailed above, these observations testify to the importance of legal recognition of 
customary rights in shaping the implementation of FSC standards (Shmatkov et al., 
2014). 

Apart from Russian-based studies, there is very little research looking at the certi- 
fication impacts on communities outside of Indigenous communities, a gap acknowl- 
edged in the literature (Sténs et al., 2016). One Swedish case study revealed a concern 
among some local stakeholders that attention to Indigenous rights and forest protec- 
tion would adversely impact forestry activities, in turn having negative consequences 
for local economies. Another study from Sweden found that private forest owners 
were favorable to certification, in part because of the perception of offering enhanced 
protection of social values such as recreation (Bjärstig & Kvastegard, 2016). In 
Canada, a study from Québec looked at the role of stakeholders in the implemen- 
tation phase of certification processes—including the FSC, CSA, and the United 
States—based Sustainable Forestry Initiative (SET) systems—through a province-wide 
survey. Respondents reported that although certification created opportunities for 
participation, this was at a consultative level; the respondents did not perceive that 
they had significantly influenced decisions (Roberge et al., 2011). 


21.2.3 Intact Forest Landscapes 


As discussed in the introduction to this chapter, the conservation of highly valued 
habitats, such as old-growth forests, has been a driving concern of forest certification 
since its inception. This concern has been addressed under FSC Principle 9, which 
initially designated "large" and relatively undisturbed “landscape-level forests" as 
another key type of HCV forest (FSC, 2002). More specific requirements for the 
protection of intact forest landscapes (IFLs) have since been introduced into the 
2015 FSC P&C and associated guidance documents (FSC, 2015a, 2020a). 

The evolution from the protection of large landscape-level forests (FSC, 2002) 
to the more precise concept of IFLs (FSC, 20152) can be traced to the work of 
Greenpeace Russia in defining IFLs within Russian boreal forests (Yaroshenko et al., 
2001). IFLs are defined as a natural environment having no signs of significant human 
impacts or habitat fragmentation. IFLs are also of sufficient size to contain, support, 
and maintain a viable complex of native biodiversity, including sufficient popula- 
tions of a wide range of genera and species (Potapov et al., 2008). An operational 
definition of IFL has been developed that defines IFL as a territory having an area of 
at least 500 km? (50,000 ha) and a minimal width of 10 km, located within today's 
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global extent of forest cover, and containing forest and nonforest ecosystems that 
have been minimally influenced by human economic activity (Yaroshenko et al., 
2001). IFLs, as the last remaining large unfragmented forest areas on Earth, have 
been identified as critical for biodiversity conservation, climate mitigation, the main- 
tenance of ecological processes, and the supply of ecosystem services at multiple 
scales (Watson et al., 2018). 

IFLs are estimated to cover 2346 of forest ecosystems (13.1 million km?). Two 
biomes hold almost all these IFLs: dense tropical and subtropical forests (45%) and 
boreal forests (44%). Three countries—Canada, Russia, and Brazil—contain 64% of 
the total IFL area (Potapov et al., 2008). Approximately 19% of the global IFL area 
is under some form of legal protection; however, about 80% of IFLs are open for any 
human activities, including mining, oil and gas extraction, and commercial forestry. 
Currently, powerful short-term economic interests, intensified forest management, 
natural resource extraction, globalization, and other drivers create multiple chal- 
lenges for the maintenance of IFLs (IPBES 2018). According to Potapov et al. (2017), 
industrial timber extraction, resulting in forest landscape alteration and fragmenta- 
tion, was the primary cause of the global decline of IFL area. From 2000 to 2013, 
the global IFL area decreased by 7.2%, a reduction of 919,000 km”. Three countries 
are responsible for 52% of the total loss of IFLs: Russia (179,000 km? lost), Brazil 
(157,000 km?), and Canada (142,000 km?) (Potapov et al., 2017). Environmental 
NGOs have played a vital role in using forest certification schemes to reduce logging 
in the remaining IFLs. 

During the last decade, the FSC certification system has been widely criticized for 
failures to protect IFLs, and several prominent environmental NGOs (e.g., Green- 
peace International, Greenpeace Russia) have left the FSC processes in protest of 
the inability of the FSC to stop logging in IFLs. In 2014, the FSC approved Policy 
Motion 65 to strengthen the protection of IFLs within their forestry standards. In 
2017, the preliminary directives came into effect, instructing that forest manage- 
ment cannot reduce an IFL below 50,000 ha or impact more than 20% of IFLs 
within a forest management unit. World Wildlife Fund (WWF)-Russia with the FSC 
Standards Development Group invented another approach to IFL protection, called 
60-50-30. This approach requires forest managers to set aside 80% of the area of 
an IFL within their forest management unit when a rigorous IFL zoning process 
with relevant stakeholders is not conducted. If the manager is committed to reaching 
an agreement with stakeholders and conducting such a process—the process should 
identify priority areas for conservation and adapted methods for timber harvesting 
in the remaining areas—then the threshold of full protection can be brought down to 
50%. If the forest manager is also willing to jointly lobby with stakeholders to have 
the IFL “core area" set aside as an officially protected area, and this is successful, 
then the threshold can go as low as 30% (WWF, 2018). 

However, at least four challenging issues have provoked conflicting debates 
among relevant stakeholders. The first relates to the agreed threshold of 50,000 ha. 
Some stakeholders, including academics and environmental NGOs, claim that this 
threshold is inadequate to meet the very broad objectives of protecting all biodiversity 
and ecological processes, particularly in boreal forests (Bernier et al., 2017; Venier 
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et al., 2018). For example, the scale at which the most extensive natural processes, 
e.g., fire and insects, occur and the size of habitat required by some species, e.g., 
woodland caribou, is likely greater than 50,000 ha (e.g., Venier et al., 2018). Thus, the 
rigid IFL requirements are useful for global tracking of IFLs but may be inadequate 
for biodiversity conservation at the regional level. 

The second challenge concerns contrasting opinions on acceptable measures 
related to the conservation and protection of IFLs. Some stakeholders, mainly forest 
companies, complain about the prescriptiveness of the FSC resolution in Motion 
65 that could protect the vast majority of IFLs, which might negatively affect their 
economic viability without using some portion of the IFL on their territory. Other 
stakeholders, e.g., Greenpeace Russia, argue to the contrary that the FSC should 
demand a stop to all logging of IFLs. 

The third challenging issue highlights the difficulty in translating the global-scale 
conceptual idea of IFLs to a practical operational definition at a regional scale. This 
is particularly relevant for countries where the large majority of forests are publicly 
owned, such as in Russia or Canada. The challenge is that forest operators do not have 
the authority to prevent logging of IFLs located outside of their forest management 
units or to stop resource extraction or the creation of roads from other industries or 
governments within their leased areas. 

Finally, the fourth challenging issue is integrating the protection of IFLs with 
traditional land uses of boreal forests by Indigenous communities. For example, 
many IFLs are used by Indigenous communities for their traditional activities, such 
as hunting, fishing, and wild food/medicine gathering. In Canada, for example, a 
critical element of the IFL debate has become the concept of Indigenous Cultural 
Landscapes (ICL) developed by representatives of First Nations communities. The 
ICL concept seeks to ensure that Indigenous communities’ rights, interests, and 
values, including economic development, are considered when decisions are made 
about land use in FSC-certified forests. 


21.3 To Harmonize or Not to Harmonize? 


21.3.1 Debates Over Consistency Versus Diversity 


21.3.1.1 FSC Versus PEFC and Differences Within These Schemes 


Two obvious conclusions can be drawn from the above debates: (1) the environ- 
mental and social context of a particular country or company matters in shaping 
what standards are appropriate or achievable, and (2) there is considerable variation 
in stakeholder perspectives on the best way to address key challenges for boreal forest 
certification. Yet global certification labels such as the FSC and PEFC were designed 
to communicate a consistent, global message of good forestry performance, wher- 
ever their point of origin. This creates tension between both schemes and countries. 
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FSC and PEFC compete for the reputation of having high standards and attracting 
companies to their schemes through affordable prices and achievable requirements. 
At the same time, both FSC and PEFC face pressure to justify to consumers and 
producers any variation in standards between countries. The FSC addresses this 
balance between global consistency and local context by supplementing its interna- 
tional P&C with national indicators. The PEFC system, which is more decentralized, 
endorses national schemes based on their consistency with PEFC guidelines but does 
not require that all countries adopt these guidelines verbatim. 


21.3.2 How is the Consistency/Diversity Tension Playing Out 
in Russia, Canada, and Sweden? 


The following case studies draw on research within the FSC system to compare and 
contrast how this tension between ensuring global consistency, keeping costs down, 
and accommodating diversity in the local context have played out in regard to key 
challenges in the boreal forest countries of Canada, Russia, and Sweden. We take as 
our starting point the most recent FSC standards revision processes and the obligation 
for national standards to integrate the FSC's new IGIs as a means to strengthen and 
harmonize national standards. It was a FSC requirement that each country either 
adopt the IGIs verbatim or justify why they should be adapted, dropped, or have 
new indicators added (FSC, 2016). The differing responses of stakeholders in these 
countries and the resulting differences in their revised standards speak to the diversity 
of contexts in which boreal forest certification takes place. At this chapter's writing, 
Russia and Sweden had yet to implement their new standards, whereas Canada had 
just started transitioning to its new standards on January 1, 2020. It remains to be seen 
how and to what degree differences in standards requirements result in differences 
in on-the-ground performance. 


Box 21.1 Comparing the Treatment of FPIC in FSC in Russia, Canada, 
and Sweden 


A study by Teitelbaum et al. (2021) reveals some differences between the 
treatment of Free, Prior, and Informed Consent (FPIC) within Forest Steward- 
ship Council (FSC) certification standards in three boreal countries: Canada, 
Russia, and Sweden. The study looks specifically at the process of developing 
the latest national FSC standards in these three countries, which also have the 
highest proportion of FSC-certified forests in the world. These national stan- 
dards, which are elaborated by a chamber-balanced group of FSC members, 
are based on the new version of FSC's Principles & Criteria (P&C) through 
the addition of context-specific national indicators. The process was guided 
by FSC's international generic indicators (IGIs). The new P&C include a 
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strengthened commitment to FPIC for both Indigenous and local communities 
through adherence to the United Nations Declaration on the Rights of Indige- 
nous Peoples (UNDRIP) and through the development of a process covering 
information sharing, impact assessment, and explicit consent for management 
operations. 

The researchers conducted interviews with participants in standard devel- 
opment processes (n — 49) in all three countries and compared the written 
standards approved by each nation. Teitelbaum et al. (2021) found a different 
dynamic within each of the standard development groups (SDG). In Canada, 
much emphasis was placed on building consensus around a "relational" 
approach to FPIC, meaning a process that emphasizes building meaningful rela- 
tionships between Indigenous peoples and forestry companies through ongoing 
engagement. The resulting national standard stays close to the wording of the 
IGI, although at times adopts stronger language, e.g., terms like "dialogue" 
rather than "informing" Indigenous communities. FSC Canada also pushed 
for more flexible timelines associated with FPIC processes to accommodate 
differences in time, capacity, and priority among Indigenous communities. 

In Russia, negotiations around FPIC were more conflictual. Members of 
FSC Russia's economic chamber resisted the integration of FPIC for both 
Indigenous and local communities on the basis that FPIC could contravene 
Russian law and result in Indigenous or local communities placing a veto on 
forestry operations. The resulting national standard in Russia is also more 
restrictive in its application of FPIC. It limits the applicability of FPIC to 
customary rights that are not governed by law. It also outlines several circum- 
stances where FPIC need not apply, such as when FPIC obligations conflict 
with other requirements of the standard (e.g., causing significant job losses) or 
when obtaining FPIC will lead to a conflict between the forest company and 
rights-holders or between different groups of rights-holders. 

In Sweden, where Sami reindeer herding overlaps with forestry operations, 
a subgroup of the SDG was instrumental in developing appropriate wording 
for the indicators. The approach taken in Sweden was much more prescrip- 
tive, designed to integrate FPIC into an existing process of participatory plan- 
ning that is applied uniformly across all Sami reindeer-herding territories. The 
national standard sets out a more operational approach to engagement around 
FPIC, including specifying which activities should be included under partic- 
ipatory planning, what the timelines should be, and what conflict resolution 
processes are to be followed in cases where FPIC has not been achieved. 
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Box 21.2 Comparing the Treatment of Caribou and Reindeer Habitat 
in FSC Canada and FSC Sweden 


A paper by Elbakidze et al. (2022) analyses why, and to what degree, current 
FSC standards harmonization efforts at the global level have changed because 
of national contextual factors. Among the debated issues during the negotia- 
tion processes in Canada and Sweden was how to improve forest practices to 
maintain habitats of Rangifer tarandus, known as boreal woodland caribou in 
Canada and reindeer in Sweden. In both countries, R. tarandus is recognized 
as an important species because of its ecological and social significance, its 
status as a hallmark species, and its presence serving as an indicator of forest 
ecosystem integrity. However, conservation and maintenance of this species 
are addressed differently in the new national FSC standards in Canada and 
Sweden, partly owing to sociolegal differences between these two countries. 
In Canada, most indicators related to R. tarandus are included in Principle 6 
"Environmental values and impacts," whereas in Sweden, they are included in 
Principle 3 "Indigenous people's rights." 

In Canada, the Committee on the Status of Endangered Wildlife designated 
woodland caribou as a threatened species, and the species was included in the 
Federal Species at Risk Act in 2012. This act triggered the development of 
the Recovery Strategy for the Woodland Caribou (2012). However, despite 
these new government policies, the protection of caribou habitats remains 
an issue of significant debate among diverse stakeholders in Canada. During 
the latest FSC-standard development process, the main discussions among 
forestry-related stakeholders were on maintaining the intactness of boreal 
forests needed for caribou while maintaining timber production and socioe- 
conomic benefits for local and Indigenous communities. From interview data, 
Elbakidze et al. (2022) identify two main factors that helped lead to agreement 
on the maintenance and protection of caribou in Canada's FSC standard: the 
Federal Recovery Strategy for the Woodland Caribou and the availability of 
scientific evidence. 

The Federal Recovery Strategy for Woodland Caribou formed the basis 
for three main management options for caribou under the new FSC Canada 
standards. These options are outlined under Indicator 6.4.5, which is devoted 
entirely to the management of habitat for boreal woodland caribou. The first 
management option requires that caribou habitat be managed according to a 
Species at Risk Act (SARA)-compliant range plan that is consistent with the 
content, measures, and objectives in the Range Plan Guidance for Woodland 
Caribou (ECCC, 2016). The second option might be applied in a case when a 
SARA-compliant range plan does not yet exist and sets out requirements based 
on a management template put forward in the Federal Recovery Strategy for the 
boreal population of woodland caribou (Environment Canada, 2012). Finally, 
the third option is to use an engagement process to develop other approaches 
that are consistent with the Range Plan Guidance requirements. Agreement 
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on these caribou habitat requirements was further reinforced by cutting-edge 
scientific knowledge used by experts involved in the standard development 
process. 

In Sweden, reindeers are semi-domesticated animals that belong to the Sami. 
The protection of reindeer habitats is an integrated part of the criteria and 
indicators (C&I) related to the protection of Sami rights as Indigenous People 
in Sweden (Principle 3). Sami reindeer herding, including the management 
and protection of reindeer habitats, is implemented through the participatory 
planning process as a part of FPIC (see Box 21.1 about the planning process). 
The participatory planning process is conducted using a landscape perspective, 
allowing the forest management activities to be analyzed in a larger context. 


21.4 Other Key Trends 


Sections 21.2 and 21.3 examined forest certification's evolving response to three 
issues of long-standing concern: Indigenous rights, the welfare of local commu- 
nities, and the protection of large and relatively undisturbed forest landscapes. A 
review of both the FSC (https://fsc.org) and PEFC (https://pefc.org) websites and 
strategic plans (FSC, 2015b; PEFC, 2018b) reveals several other recent developments 
that illustrate the dynamic and evolving nature of forest certification. The following 
sections divide these developments into three general categories: (1) the expansion 
of certification focus from timber to a broader suite of forest-related values; (2) the 
use of new technologies; and (3) innovations to enhance the reach and accessibility 
of certification schemes. 


21.4.1 Changing Climate, Changing Values: New Standards 
for Ecosystem Services 


Environmental concerns, social values, and economies change, and, likewise, certi- 
fication schemes must adapt. Forest certification has initially focused on timber and 
wood products as a means to promote sustainable forest management. Although 
these schemes intend to recognize diverse forest values, this initial focus on timber 
reflects relatively long-standing societal concerns about the role of wood products 
in deforestation and forest degradation. Hence, timber producers presumably have 
market incentives to become certified to enhance their reputation in ways that those 
managing forests for nontimber forest products, e.g., mushrooms, berries, and game, 
conservation, and recreation, for example, may not. 
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Over time, however, forest certification schemes have been criticized for focusing 
too heavily on timber. In particular, rising concerns about climate change and biodi- 
versity loss have driven the development of new markets for forest carbon and other 
ecosystem services that forests provide. These ecosystem service payment schemes, 
which like forest certification are generally voluntary, face their own credibility 
challenges and need to distinguish themselves in the marketplace. In response, both 
the FSC and PEFC have been developing new standards and processes that move 
beyond their traditional focus on timber production. The FSC has launched processes 
for certifying nontimber forest products and the ecosystem services of biodiversity 
conservation, carbon storage and sequestration, soil conservation, and recreation 
services (FSC, 2018a). Likewise, the PEFC has launched task forces to address 
ecosystem services and trees outside of forests. 


21.4.2 New Technologies—Enhancing Efficiency 
or Reliability? Experimenting with Remote Sensing, 
DNA Testing, Blockchain, etc. 


Another key development for certification schemes stems from the increasing use 
of advanced technologies to improve credibility and potentially lower the costs of 
certification. This use of technology includes experimentation with remote sensing 
to monitor forest cover change (Lopatin et al., 2016), the testing of wood samples 
for DNA as a means to verify claims regarding the origin of wood products and track 
the chain of custody of certified wood products back to their point of origin, and the 
use of blockchain to increase the efficiency of financial transactions and/or guard 
against fraud (FSC, 2020d). All of these advances coincide with the expansion of 
certification into more remote regions, including large expanses of remote boreal 
forests where traditional methods of on-the-ground monitoring and sampling may 
be cost prohibitive. 


21.4.3 Expanding Certification Access: New Approaches 
for Smallholders 


As discussed in Sect. 20.1, forest certification and other sustainable certification 
schemes can create disproportionate barriers to entry for small-scale, low-intensity, 
and community-based forest operators because of heavy reporting requirements, 
economies of scale, and other factors. The FSC and PEFC approach this problem in 
different ways. The more decentralized PEFC system has supported the use of simpli- 
fied standards and highly reduced certification requirements for small-scale operators 
or family forest associations in some countries. Examples of these approaches include 
the American Tree Farm Association, which focuses on small private forests in the 
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United States, or the Finnish national standard, which allows simultaneous certifica- 
tion at the level of forestry associations encompassing thousands of individual forest 
ownerships (Cashore et al., 2007b). 

The FSC has taken a somewhat different approach to improving smallholder 
access. This includes incorporating the concept of scale, intensity, and risk into FSC 
standards, whereby requirements are adjusted on the basis of the risk of the proposed 
forestry activities. This enables a lessening of certain requirements for smaller land- 
holdings if forest management activities on those landholdings are considered to 
pose a lower risk. Other important strategies include group certification and resource 
manager certification, whereby organized groups of forest owners, or forest managers 
who manage multiple properties, apply for certification on behalf of all of the prop- 
erties who opt for certification. More recently, the FSC has launched its “New 
Approaches" project to experiment with more radical innovations. These include 
pilot tests to simplify the content and language used in the standards, improve proce- 
dures for certifying groups, and divide responsibilities across forest owners, group 
entities, and forestry contractors (FSC, 2020b). 


21.5 Closing Reflections 


Forest certification has become an increasingly influential tool to address boreal forest 
challenges. Whereas global interest in forest certification may have initially been 
sparked by concerns over tropical and temperate old-growth forests, certification 
has since expanded at an exceptionally rapid rate in boreal forests. As a nonstate 
market-driven form of governance, certification has been promoted by civil society 
as a means to pressure companies to prove that the forest products they produce 
do not contribute to the loss or degradation of boreal forests, or violate the rights 
of the many thousands of Indigenous and local communities dependent on these 
forests. However, precisely how certification should provide that assurance and what 
constitutes genuinely "sustainable" boreal forest management remains a subject of 
ongoing debate. 

One overarching source of such debate is the degree to which certification stan- 
dards should be prescriptive or flexible, harmonized or locally adapted in relation 
to key issues such as IFLs and the rights of Indigenous and local communities. 
These debates relate, in turn, to ongoing concerns over rising costs and other barriers 
of access to certification, especially for small and low-intensity forest producers. 
Meanwhile, shifting societal values and priorities and rapidly changing technolo- 
gies are pushing forest certification schemes to expand their focus beyond timber to 
other ecosystem services and develop new verification systems. All these pressures 
contribute to the dynamism and change in certification standards and procedures. 

In general, forest certification requirements have become more complex and 
prescriptive over time. However, there are signs this trend could change. For example, 
the FSC, which has historically supported more prescriptive forest standards, is 
currently transitioning toward a risk-based approach, which could help simplify 
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the standards across some criteria in countries where the likelihood and impact of 
noncompliance are deemed to be low (FSC, 2018b). Hence, just as political disputes 
push and pull on the nature and degree of governmental forest regulation, forest 
certification faces its own political tensions. This dynamic highlights the need to 
continually monitor and adapt forest certification to ensure positive impacts on boreal 
forests and the people who depend on them. 
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Chapter 22 A) 
Gender and the Imaginary of Forestry get 
in Boreal Ecosystems 


Maureen G. Reed and Gun Lidestav 


Abstract In this chapter, we examine forestry work in two boreal regions—Canada 
and Sweden—where gender mainstreaming has long been established in government 
policy. Despite having policies that support gender equality in both countries, the 
roles, opportunities, remuneration, and expectations of women and men engaged in 
forestry work are highly differentiated by gender. We explain this discrepancy by 
considering the way in which forestry work has been and continues to be imagined. 
The narrow interpretation of forestry as "tree cutting" has reduced the visibility 
of women and continues to narrow the range of activities deemed valuable to the 
forestry sector. By asking questions about how forestry has been imagined, we seek 
to catalyze fresh thinking about the nature of forestry work and the capacity of the 
forest industry in both countries to adapt to climate change. 


22.1 Introduction 


For many years, scholars from the global North have described the industrial 
forest sector as characterized by a highly gendered division of labor, which has 
contributed to (and even valorized) a masculine identity built on dangerous, physi- 
cally demanding, “dirty” work associated with timber harvesting or “piling up the 
timber" (e.g., Ager, 2014; Lidestav et al., 2019; Reed, 2003a). Men working in 
forestry in boreal regions in the early twentieth century were described as “robust, 
hardy and able to bear up against natural forces like rain, snow, storms and frost" 
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(Brandth & Haugen, 2005, pp. 16-17). Although they too have long worked in forests, 
women and the work they undertook have largely remained invisible or, at best, have 
been characterized as helpmates to male workers (Johansson, 1994; Ostlund et al., 
2020). 

In the second half of the twentieth century onward, the work of forestry was no 
longer the job of individual, hardy men. Restructuring of the forest industry, the 
introduction of mechanization and new technologies, economic globalization and 
the outsourcing of operations, and the enhanced regulation of the industry to demon- 
strate its environmental sustainability led to other competencies and skill sets being 
identified and required in forestry (Ager, 2014; Hayter, 2000; Ross, 1997). Social 
reorganization of employment and family structures also created greater demand for 
employment opportunities for diverse groups previously excluded from the forest 
economy, including women and Indigenous Peoples. By the late twentieth century, 
new employment avenues opened up in information science, planning, monitoring, 
regulation, management, and policymaking for professionals—experts and supervi- 
sors with appropriate academic degrees—who could, more or less, perform their job 
from offices in urban environments rather than in the field and the rural environ- 
ments of traditional forestry (Brandth & Haugen, 2005; Reed, 2003a). Governments 
took a greater interest in forest management and planning and promoted their posi- 
tion through new policy statements about sustainable forest management (Canadian 
Council of Forest Ministers, 2003; Sveriges Riksdag, 2008). While the location of key 
decisions about forests has moved to company boardrooms, government offices, and 
computer labs, the iconic image of forestry remains the rough-and-ready, male logger. 
Indeed, forestry is an industry with a highly gendered division of labor in which men 
dominate across a range of key activities, including harvesting, production, silvi- 
culture, and regulation and management (Häggstrôm et al., 2013; Johansson, 2020; 
Reed, 2003a; Wyatt et al., 2021). Unless this pattern changes, this male dominance 
will also have implications for who determines climate-related adaptation measures 
in forestry and may affect the capacity to engage in innovative and effective adaptation 
strategies. 

In this chapter, we explain the emergence and persistence of gendered roles, 
relationships, and identities in the forest sector in two boreal regions—Canada and 
Sweden. We have selected these two countries because of the shared importance of 
boreal forests to the respective national economies and the shared significance of 
forests more generally to their cultural identity. Additionally, federal governments 
of both countries have made public commitments to gender equality in all sectors. 
We use the term imaginary to help explain how forestry work is imagined. This idea 
follows other political and sociological theorists such as Steger and James (2013, 
p. 23) who explain imaginaries as "patterned convocations of the social whole. These 
deep-seated modes of understanding provide largely pre-reflexive parameters within 
which people imagine their social existence." In our case, the imaginary of forestry 
establishes expectations of what kinds of work qualify as forestry, who undertakes 
that work, and how it is accomplished. 

In both countries, a narrow set of masculine and feminine norms have long under- 
girded the industrial model of forestry. Although forest ownership and management 
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practices differ in each country, the industrial model of forestry continues to shape 
the perception that forestry is man's work—and not just any man's work, but a man 
who exhibits particular characteristics of masculinity. The values and assumptions 
associated with these characteristics, then, help define who is considered a legitimate 
worker in the forest and helps form a masculine imaginary of forestry. By reviewing 
the history and persistence of masculinity in forestry, we reveal underlying assump- 
tions and explore both opportunities and constraints to establishing a forest sector 
that is both environmentally and socially sustainable. 

We have organized our chapter in the following way. First, we characterize the 
sector in both countries, demonstrating the presence of imbalances between women 
and men in key occupational categories in each country. Next, we explore how 
forestry has shaped gender roles, relationships, and identities, revealing a distinctive 
form of masculinity associated with forestry work. We call this the forestry imaginary. 
We then argue for the need to consider fundamental research questions to better 
understand how the forestry imaginary has restricted the discussion of forestry and 
gender to a rudimentary counting of women and men. We pose questions of our 
own to help explain dominant perceptions of gender and forestry. We consider how 
these perceptions also affect key socioenvironmental issues, such as the need for the 
industry in both countries to adapt to climatic change. Finally, we invite our readers 
to pose their own questions and begin questioning the fundamental assumptions 
that have shaped the contemporary forestry identity in boreal regions. By offering 
alternative framings of forestry, we seek to catalyze fresh thinking about the nature 
of forestry work and the capacity of the forest industry in both countries to adapt to 
climate change. 


22.2 A Tale of Two Countries: Characterizing the Gender 
Balance in the Forest Sectors in Canada and Sweden 


22.2.1 Canada 


Approximately 28% or 307 million ha of the world’s boreal forest is located in 
Canada (NRC, 2020). In fact, the boreal forest makes up 7596 of Canada's forest 
lands, encompassing all but three of Canada's provinces. The vast majority of these 
forests are located on public lands where provincial governments grant licenses to, 
and regulate the activities of, large-scale, often multinational, forest companies.! 
Although employment in the forestry sector has declined in the twenty-first century, 
the 2016 census revealed that about 205,890 workers are considered part of Canada's 
forestry workforce. Additionally, although Indigenous people make up about 4.996 of 
Canada's population, approximately 70% of Indigenous communities are located in 


l For the country as a whole, 94% of commercial forest land is publicly owned and managed. The 
largest proportion of private forest land ownership is in the Atlantic provinces. In British Columbia, 
2% of the forest land has been dedicated to community forest licenses. 
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Canada's forested regions. Forests are important for Indigenous Peoples and commu- 
nities for cultural, spiritual, and economic reasons (Sherry et al., 2005). Indeed, 
census data revealed that in 2016, 796 of forest sector employees were Indigenous 
compared with 4% for the total Canadian workforce (Wyatt et al., 2021). 

Despite changes in the structure of the industry, forestry has been remarkably 
male dominated. It is not possible to separate out jobs data in the boreal region from 
the country as a whole; however, there is no reason to believe that the structure 
of the industry is different for commercial boreal forests than for other commer- 
cial forests in Canada. Data from the 2016 census show that women make up only 
1796 of forestry jobs in Canada. These data have not changed much since 1996, 
when 14% of employees in all forest industries were female. Women working in all 
parts of the forest industry have, on average, higher levels of formal education than 
men. Yet, they continue to be overrepresented in clerical and administrative occu- 
pations and underrepresented in operations, scientific, and management categories. 
For example, according to Statistics Canada, women represent 91% of accounting 
and related clerks and 92% of executive assistants in the forest sector. Men, on the 
other hand, represent 98% of logging-machine operators, 93% of sawmill-machine 
operators, and 92% of supervisors in logging and forestry. Women are also underrep- 
resented in professional and managerial roles in both the private and public sectors. 
Within the total cohort of women in the sector, about 20% across the country are 
registered professional foresters,? and many leave the profession over the course of 
their working lives. For example, data collected by the Association of BC Forest 
Professionals for 2021 indicate that in British Columbia, whereas just over 40% of 
professional foresters under the age of 30 are women, approximately 12% are women 
over the age of 50 (Christine Gelowitz, personal communication, February 2021). 

As a consequence of this division of labor and a myriad of other social factors, 
women across all job categories have always earned significantly less than men in the 
forestry workforce (Baruah, 2018). For example, in a survey of 500 women working 
in the forest sector and arboriculture across Canada and the United States, 60% of 
female respondents reported earning less than their male counterparts (Bardekjian 
et al., 2018). Calculations of wages in natural resource sectors as a whole (including 
mining and forestry) indicate that the average weekly wage for women has increased 
over time from $666 in 2000 to $938 in 2015, whereas men's weekly wages have 
increased from $1,342 to $1,608 over the same period (Baruah, 2018). There is also 
evidence that women progress through the pay hierarchy more slowly than men. Data 
from surveys conducted by the Association of BC Forest Professionals show that 
among professional foresters in that province, men have higher salaries than women 
who graduated at the same time. Compounding the fact that women take home less 
money during good times, past recessions have revealed that women are also more 
likely than men to lose their jobs or take pay cuts during economic restructuring 


? Professional foresters are regulated by the provinces. Some provinces do not report by gender, 
but it appears that the proportions of women working as professional foresters vary between 15% 
in Québec and 21% in British Columbia. 
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(Barnes et al., 1999; Commission on Resources and Environment, 1994; Hayter, 
2000). 

Inequities also persist for Indigenous Peoples who have sought forestry employ- 
ment as a means for economic well-being. While Indigenous Peoples appear to be 
employed in forestry in higher numbers than their population might suggest, Indige- 
nous workers continue to face job segregation, with their jobs typically concentrated 
in forest activities (forest management, logging) and wood product manufacturing, 
which are often lower paid and less secure than other occupations. Indigenous women 
are doubly disadvantaged. More than twice as many Indigenous women in the forest 
sector hold university degrees, trade school certificates, or college diplomas as Indige- 
nous men, and yet they are typically hired in more precarious positions, such as 
working in nurseries or gathering always closed up (except non-analog, non-native) 
timber forest products, e.g., mushrooms. They have even been excluded from typi- 
cally female-dominated occupations, such as clerical and secretarial services, which 
are mostly dominated by white women (Mills, 2006). Indigenous men and women 
also continue to face challenges as a consequence of stereotyping, discrimination, 
and a lack of accessible training (Proulx et al., 2020). 


22.2.2 Sweden 


Similar to Canada, the boreal forest is a main feature of the Swedish landscape and 
represents an important resource for processing industries and export income. Of 
the 28 million ha covered by different types of forests (corresponding to 6946 of the 
Swedish land surface), 24 million ha is considered productive forest. Dissimilar to 
Canada, less than a quarter of the forestland is publicly owned, and another quarter is 
owned by large-scale private companies, leaving 52% to some 330,000 small-scale 
private forest landowners (SLU, 2019). Yet the large-scale industrial forestry model 
has influenced and been "incorporated" by this land and ownership. 

In terms of Indigenous communities, the 51 reindeer-herding communities in 
northern Sweden have grazing rights on all forest land within their reindeer-herding 
districts.? These communities are organized into about 1,000 enterprises with some 
4,600 reindeer owners. Of these owners, 2,500 depend on incomes generated from 
reindeer husbandry (Sametinget, 2020). This means that about 1096 of the Samí 
people (who have the exclusive right to reindeer husbandry) are associated with 
forest land use through reindeer husbandry. In comparison, about 3% of the entire 
Swedish population“ (of whom some are Samf) are forest owners, and their combined 


3 Reindeer husbandry can be carried out on 22.6 million ha of mountain and forest land equal to 55% 
of the Swedish land base, and more than 5046 of the productive forest land. As reindeer husbandry is 
always carried out in conjunction with other land uses, forestry has a major impact on the conditions 
for reindeer husbandry and for maintaining a reindeer husbandry-based Sami culture (Buchanan 
et.al. 2016; Sandstróm 2015). 


^ Sweden does not categorize citizens by ethnicity. 
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work in their own forest is estimated at 6,345 days of full-time work, which corre- 
sponds to 38% of the total day labor in forest operations. However, most work, both in 
terms of area and volume, is done by contractors and their employees (8,762 or 55%). 
In addition, there are 1,249 employees (796) in large-scale forestry (Skogsstyrelsen, 
2020). When including the timber processing industries, transportation, and the other 
logistic and required services, there are nearly 60,000 people directly employed in the 
forestry sector. With subcontractors, there are about 200,000 employees who make 
up 4% of the Swedish workforce. All in all, the primary production of trees, the 
secondary production of timber (harvesting and transportation), and tertiary produc- 
tion of forestry-derived products makes Sweden the world's third-largest exporter of 
pulp, paper, and sawed wood products (Skogssverige, 2020). 

While societal influences on gender equality have brought about an increase in 
the number of women forest owners from 2096 in 1976 (Lidestav & Ekstróm, 2000) 
to 38% four decades later (Follo et al., 2017), women’s participation in the forest 
workforce remains low and focuses on particular segments of the sector (Johansson 
et al., 2020). In self-employed forestry work, for example, harvesting is much more 
likely to be done by men, whereas in planting and desk work, the involvement of 
women and men is more equal (Lidestav & Nordfjell, 2005). 

Of the total workforce in forest contracting firms working in silviculture (planting 
and cleaning), only 4% are women (Häggstrôm et al., 2013; Wide & Nordin, 2019). 
In large-scale forestry companies and forest-owner associations, 1596 of the staff are 
women, who, to a large extent, have an academic education in forestry or a similar 
program. Indeed, in academia, women have made up approximately and 2096 and 
33% of students enrolled in bachelor and master programs in forestry, respectively, 
over the last two decades (SLU, 2015). Despite a growing number of women having 
training in forestry, patterns of gender segregation in employment, work tasks, and 
roles remain. For example, women are more involved in training/consultancy, admin- 
istration, and forest preservation, whereas men numerically dominate work that is 
more closely associated with production-oriented forestry, e.g., harvesting and wood 
processing (Lidestav et al., 2011). 

It is difficult to directly compare education and employment prospects between 
Sweden and Canada because the structures of the industry differ between the two 
countries, and official sources collect different types of data. Nevertheless, it is 
evident that the industrial model of forestry has created a strong division of labor 
whereby timber harvesting defines forest management and remains “men’s work,” 
whereas administrative work, which appears less distinctive to forestry (involving 
secretarial, accounting, or human resource-related tasks), remains “women’s work." 
How this division of labor has come about and established the forestry imaginary 
has been theorized through a series of explanations, as described below. 
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22.3 Explanations for the Gendered Aspects of Forestry 


These observable differences in the opportunities and experiences of women and men 
in the forest sector have been interpreted through different theories and concepts. For 
example, labor-market segmentation theory was first developed outside of forestry 
to explain employment and income disparities by distinguishing between primary 
and secondary sectors, with the primary segment characterized by "high wages, 
good working conditions, employment stability, chances of advancement, equity, 
and due process in the administration of work rules" and the secondary segment 
having “low wages and fringe benefits, poor conditions, high labor turnover, little 
chance of advancement, and often arbitrary and capricious supervision" (Doeringer & 
Piore, 1971, p. 165). This theory has been applied to forestry to explain employment 
and income opportunities for women and men in forestry. Jobs in primary resource 
extraction and processing have typically been classified as primary, and they have 
been characterized by trade unions that have secured high wages, a seniority system, 
and relative job security for men. Jobs in administrative and service segments of the 
industry have been considered secondary. They have typically not been unionized 
and confer lower wages and more precarious employment opportunities for women 
(Reed, 2003a, 2003b; 2008). 

Additionally, the concepts of gender order and workplace culture were advanced 
by feminist scholars to explain women's disadvantage in "nontraditional work 
settings," explaining that organizational rules and values are responsible for creating 
and perpetuating perceptions of maleness and femaleness—perceptions that can rein- 
force barriers to the inclusion of women as equal partners in the workforce (Gher- 
ardi & Poggio, 2001, p. 246; Johansson, 2020). In Canada's forest sector, this “tra- 
ditional" division of labor of the male breadwinner and the female homemaker has 
remained remarkably persistent (both empirically and discursively), particularly in 
rural areas where many of the "primary jobs" are located. This scenario is true 
even where women have been engaged in paid work, as they continue to carry a 
disproportionate share of childcare and other domestic duties (Martz et al., 2006; 
Preston et al., 2000). Both labor-market and gender-order theories have been used to 
explain the masculinized work culture, systemic discrimination and harassment, and 
barriers to advancement and training in forestry and in the cognate resource sector of 
mining (Cox & Mills, 2015; Mills et al., 2013; Parmenter, 2011; Reed, 2003b). But 
these findings are not unique to Canada. An international survey of gender in forestry 
conducted by the “Team of Specialists on Gender and Forestry for the United Nations 
Economic Commission for Europe" also revealed that “a gendered organizational 
logic [was] at work, which not only reproduces a structure of gender division but 
also, paradoxically, and simultaneously, makes gender invisible" (FAO, 2006, p. 1). 

Masculinity theories have also been used to understand how the organization of 
forestry work over time has shaped different ideals of masculinity. For example, 
Nordin (2006) identified four modes of masculinity that have emerged as forestry 
work has been restructured: the combat pilot (machine operator linked to technology 
and performance), the man of the forest (manual laborer working close to nature and 
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freedom), the business executive (organizational and management expertise), and 
the contractor in crisis (an entrepreneur with very limited opportunities to control 
his own, and his employees' work situations). Similarly, Brandth and Haugen (2000) 
argued that the dominant representations of masculinity in Norwegian forestry have 
changed over time from the logger, who is a nature-mastering man with a body 
marked by hard work, to the machine operator mastering chain saws and tractors, to 
the organizational man with his business management skills. These studies suggest 
that as forestry work has changed, the significance of gendered stereotypes has not 
diminished. Rather, the number of masculine norms has multiplied, drawing on 
different forms of knowledge of forestry: practical/manual, technological, and theo- 
retical/administrative. To some extent, these theoretical concepts have a longitudinal 
dimension in the sense that manual labor implies traditional forestry and theoret- 
ical/ administrative work implies modern forestry. However, these concepts are best 
understood as overlapping, as technological developments have not eliminated the 
ideals and assumptions regarding the "real" work of forestry. 

Associated with these depictions are the ways in which skill sets have been 
gendered. For example, men have been ascribed technical job skills and are assumed 
to be competent in them. By contrast, women are assumed not to have such skills. 
Hence, they still have to prove that they are capable more frequently than their male 
colleagues (Lu & Sexton, 2010; Navarro-Astor et al., 2017; Smith, 2013). Research 
about women in “nontraditional” employment sectors has demonstrated that women 
are perceived as having stronger emotional and supporting skills; hence, they have 
been viewed as having a positive effect on men's behavior, which in turn is likely 
to have an effect on the overall productivity of the company (Eveline & Booth, 
2002). Using policy analyses, Mayes and Pini (2014) argued that the “business case" 
for gender equality used in the mining industry in Australia describes women as 
bringing something different from men, such as other types of communication and 
decision-making. Similar conditions in Swedish forestry work organizations have 
been reported by Johansson and Ringblom (2017). These kinds of findings suggest 
that women are viewed as having the potential to “civilize the workforce and the 
workplace" (Mayes & Pini, 2014, p. 538). These depictions ultimately do not chal- 
lenge gendered values, skills, and division of labor; instead, they potentially burden 
women professionals with the requirement and responsibility to change dominant 
discourses. 

Lastly, the concept of intersectionality now encourages researchers to examine 
labor-market inequalities in resource sectors by considering how a range of social 
identity factors, as well as institutions, structures, norms, and power dynamics at 
different scales, operate to create advantages or disadvantages for different social 
groups (Cox & Mills, 2015; Hankivsky, 2014; Manning, 2014; Mills et al., 2013; 
Parmenter, 2011; Ringblom & Johansson, 2020). Consideration of intersecting 
factors in forestry is revealing. Mills (2007), for example, used census data to compare 
the employment profiles of Indigenous and non-Indigenous men and women within 
the forest industry in Saskatchewan, Canada. She found evidence that gender, class, 
and racialized identity work together to the general disadvantage of women and to 
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the greater detriment of Indigenous women and men. Such a disadvantage is demon- 
strated in the employment opportunities and job security offered to them and in the 
wage differentials they experience. 

While these theories and concepts help us to understand possible root causes and 
impacts of gender inequality in the forest sector, we also need to recognize that official 
statistics, and the ways in which these data are used, reflect, and influence societal 
values (Waring, 1988). For example, for years national forestry associations have 
collected data without accounting for gender, reflecting and reinforcing the view that 
gender is not important and/or that gender bias in the workforce does not exist. In 
Canada, we have a very sketchy picture of the diversity of social groups employed in 
the forest industry, and national data have not historically been collated by resource 
sector, job classification, location, and gender. Reliable, commensurable data can 
provide more detailed information about who is working in the forest sector, where 
jobs and workers are, and what training or retention strategies might be needed. 
Uncritical use of data has contributed to gender-neutral policies and programs that 
have typically favored men and maintained an ongoing cycle of marginalization of 
certain groups (Reed, 2008; Walker et al., 2019). 


22.4 The Making of Men and Women in Industrial Forestry 


Empirical research has employed these theories to understand how forestry work is 
gendered. Such research moves well beyond documenting the numbers of women 
and men employed in the forestry sector. Rather, it helps us consider how forestry is 
imagined, how this imaginary “makes” male and female forestry workers, and how 
it ascribes value to the work they undertake. 

In Sweden, forestry has been represented as a modernizing force that lifted the 
country, particularly the northern part, from poverty by the end of the nineteenth 
century to prosperity 50 years later (Kardell, 2004). This large-scale activity, although 
geographically scattered across state, company, and private lands, became a way for 
up to 200,000 men, both locals and migrant male workers, to support themselves 
through seasonal work in harvesting operations during winter and log-driving during 
spring and summer (Johansson, 1994). In contrast to the traditional farmer society, 
forestry work was organized in such a way that it offered freedom from paternalistic 
relationships between landed and landless men and gave the latter access to an inde- 
pendent and equal social and economic status. The piece-rate system, i.e., payment 
by performance in terms of logs or “piece” processed per day's work, increased the 
predictability of income and recognized meritorious conduct. The lumberjacks who 
worked hardest and were considered most skillful were able to pile up the largest stack 
of timber and thereby received the most earnings. The “contracts for harvesting,” on 
the one hand between the forest company and the contractor (log driver) and, on the 
other hand, between the contractor (log driver) and the lumberjacks, were the corner- 
stone of forestry work and economic organization. The piece-rate-system also deci- 
sively influenced the social organization in the forest camp (Ager, 2014). According 
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to Johansson (1994), in these seemingly all-male settings out in the forest, a new 
type of masculinity was constructed on the basis of the individual work performance 
rather than on class and property. Thus, men in forestry defined the modern man? and 
rural masculinity as being closely associated with the male body and the capacity to 
master harsh working conditions. Such a man not only tolerated but even glorified 
the crowded and unhealthy living conditions in the forest hut.° As a large part of 
the male population in northern Sweden was involved in winter logging operations, 
this critical mass induced a material and mental change in the perception of man and 
manhood, i.e., an individual, who by his own ability and performance, mastered the 
environment and thereby contributed to the co-construction and imaginary of gender 
in forestry. 

Major changes from the 1950s to today, i.e., mechanization and digitalization, 
mean that some tasks can now be organized and executed from the office instead of the 
field (Ager, 2014). These changes have, to some extent, modified the perception of the 
forest man and his performance. Yet, the volume of timber produced remains a central 
feature of “performance in forestry" (Hugosson, 1999). Furthermore, the *manage- 
ment masculinity" described by Brandth and Haugen (2000) and the four modes of 
contractor masculinity identified by Nordin (2006) continuously emphasize physical 
capacity, technical skills, and practical experience of physical forest work associated 
with logging. These features continue to be central aspects of forestry work, and 
they persist in bringing legitimacy to the carrier of those attributes in contemporary 
forestry work organizations (Brandth & Haugen, 2000, 2005; Nordin, 2006). Similar 
attributes and conceptions are found within small-scale family forestry. Although 
self-employment in forestry operations is declining, the image of the active forest 
owner as male still represents the norm, and the division of work between women 
and men forest owners is significant (Lidestav, 2001; Lidestav & Nordfjell, 2005; 
Westin et al., 2017). 

Therefore, if forestry is about men's work, male collectivism, and male interac- 
tions, how have women been represented in the core activities in forestry? According 
to Ella Johansson (1994), a lack of visibility and recognition? of women in forestry 
work should not be understood as their nonexistence. Rather, it should be interpreted 
as “women in forestry work appear to have crossed a boundary in at least the male 
classification system," and the idea of them as women becomes preposterous and 
therefore something to conceal (Johansson, 1994, p. 135). She argued that logging 
represents the kind of hard work that requires periods of rest, e.g., evenings and 
Sundays, for men. In the then rural society, however, a “proper woman" was never 


5 Here, we consider a modern man as an individual who explores and transforms nature in accordance 
with the idea that planning, calculation, and rational decisions will lead to progress, a better life, 
and a better society. 

6 A forest hut was a simple log house for 5 to 15 men who had to share beds and cooking facilities, 
with a fireplace serving as the only source of heat. 

7 In the nearly 200 narratives about forestry that constitute the main source of Ella Johansson’s thesis 
research (1994), women and girls are mentioned in only a handful of occasions. Yet, she refers to 
other records that describe women hauling timber, barking, and even fulfilling the husband's logging 
contract if he became ill. There is also photographic evidence of women and girls doing afforestation. 
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supposed to rest, and therefore a women logger became an anomaly. Accordingly, if a 
woman rested, she would act unwomanly and above all violate her own self-respect. 
In contrast, if she worked longer days in the forest than men, the men would seem 
unmanly. Consequently, we can assume that there was a mutual interest of women 
and men not to mention or pay tribute to women who worked in the forest. 

Other research focused on more recent times have also found evidence that both 
men and women in forestry share a common interest in gender invisibility (Lidestav & 
Sjólander, 2007). In practice, this means that women active in forestry should try to 
look like men and effectively uphold the male imaginary. Such efforts have an impor- 
tant effect on where we find women and men in the forestry workforce. Johansson 
(2020, p. 4) found that “when the ideal image of the forestry worker or forestry 
professional is based on the male body, women are not assumed to possess the right 
kind of skills or experiences, are expected to need additional help and thereby are not 
understood as carriers of knowledge." Consequently, the spaces that are accessible 
for women in forestry are constrained; “women are more often found to work in 
areas related to forest preservation, communication, or administration and in public 
organisations such as Swedish Forestry Agency while they are less likely to work 
in harvesting, processing, or as managers" (Johansson, 2020, p. 4). Although these 
findings are from Sweden, Canadian census data reveal a similar division of labor. 

In Canada, while land ownership and corporate structures are quite different, 
there remain important similarities to how the modern man was created in northern 
Sweden and in the consequences for the division of labor in the sector. In keeping 
with other natural resource sectors in Canada, Quam-Wickham (1999) argued that the 
acquisition and practice of skills in the lumber, mining, and oil industries have been 
the pivotal means by which male workers construct their masculinity. For example, 
during the 1930s and the Great Depression, the government of British Columbia 
(a province where forestry has long dominated the economy) promoted its forestry 
work programs on the grounds that “this forestry programme offers them [young men] 
useful work under conditions that must benefit them physically and mentally, leaving 
them more self-reliant and with a saner outlook towards the future." (cited by Ekers, 
2009, p. 309). Similarly, its report of the newly established Young Men's Forestry 
Training program involved “all outdoor work, well calculated to improve young men 
mentally and physically and to develop initiative and self-reliance" (Department of 
Lands 1936; cited by Ekers, 2009, p. 309). Ekers' review of these programs (2009, 
p. 309) revealed that 


it was not simply being in nature that engendered this construction of identity, but rather, it was 
getting men out of cities and having them work in nature that was deemed expedient. It was 
working in jobs that were traditionally—and continue to be masculinized—that conferred 
the central features of masculinity onto the subjects who laboured. 


Furthermore, according to Ekers (2009, p. 309) “‘nature’ was assumed to have essen- 
tial (rather than socially constructed) characteristics that would aid the men in finding 
their ‘true’ masculine selves.” 

Histories of more recent events have built on these ideas by describing how forestry 
cultures have established monolithic ideals of masculinity—intersecting with those 
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of ethnicity and gender—that delineate clear lines of inclusion and exclusion (Dunk, 
1991; Mills, 2006). For example, Coen et al., (2013, p. 98) described masculinity 
in a forestry town in northern British Columbia, wherein they argued, “in many 
ways the idealized Prince George man and the cold, rugged landscape merged and 
mirrored each other: the iconic male was strong, indefatigable, impenetrable; he 
commanded nature, extracting natural resources and turning them into consumer 
products." Perhaps surprisingly, Coen et al. (2013) found that these old stereo- 
types continued to be reproduced by men and women living in forestry towns and 
contributed to both depression and the unwillingness of men to seek outside help to 
address their mental health. Their research reinforces that the dominant framing of 
masculinity is not a “natural” creation nor merely a historical anecdote but one forged 
from human ideals and normative structures that persist well into the twenty-first 
century. Another consequence has been the erasure, marginalization, and discrimi- 
nation of women and nonconforming men (including Indigenous Peoples) from the 
dominant narrative of forestry work. 


22.5 More Fundamental Questions: Seeing the Forest 
and not just the Trees 


These examples illustrate that despite economic and technological change in forestry, 
an enduring imaginary of masculinity pervades the industry. This imaginary then 
influences where and how women and men are employed in the forest sector. We pose 
questions about the aims and activities of forestry that attempt to challenge dominant 
masculine norms and consider the implications of a male-dominated workforce for 
the forestry sector to adapt to climate change: 


Why is forestry in boreal ecosystems still defined by cutting trees and not by planting trees? 
How does this imaginary impact on how women and men identify themselves with forestry? 


These questions are highly relevant when we consider that reforestation has been 
a core activity in Swedish forestry for more than a century. A review of the Swedish 
situation reveals a somewhat different trajectory around tree planting than in North 
America. Since the advent of the first modern forestry act in 1903, it has been compul- 
sory to reforest land that has been clear-cut, and reforestation by planting has been 
the dominant method since the 1950s (Enander, 2007). Prior to that period, great 
efforts were made by public and private organizations to reforest large areas that had 
been deforested because of grazing and firewood chopping (Enander, 2007). Thus, 
from a legal and policy point of view, and also from a business perspective, tree 
planting could be regarded as both a profitable investment (assuming revenues from 
future harvesting) and a prerequisite for timber harvesting, i.e., an integrated and 
indispensable activity of forestry. Yet, the status of tree planting and tree planters is 
inferior to that of harvesting and transporting timber. The forestry imaginary, there- 
fore, appears to be colored by a principle that the closer you get in time and space 
to a full-grown tree (timber), and thus the harvest, the more valuable the associated 
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work. This, in turn, can be understood by the dominant forest economy approach, 
in which a log represents income in the near future, whereas a seedling represents a 
cost that hopefully will pay off in the long run. 

The organization of tree planting in Sweden presents both similarities and differ- 
ences with planting and harvesting. Major similarities are the employment of contrac- 
tors and the piece-rate system, whereby payment is provided according to perfor- 
mance (trees planted). A key difference is that whereas planting is still carried 
out manually, harvesting is almost all mechanized, completed by operators with 
harvesters and forwarders (Ager, 2014). Hence, planting remains hard, physical work. 
Until two decades ago, local young women and men were recruited for this summer 
seasonal work, but recently they have been replaced by migrant workers from Eastern 
Europe who are considered to be used to hard physical labor (Ager, 2016). In this 
regard, there are apparent similarities with the working conditions of the logging 
camps a century ago, and it would be very interesting to study (and compare with 
Johansson, 1994) how masculinity is constructed in this context. 

In Sweden, while there are stories of logger heroes that connect logging with 
stereotypical male characteristics, the same cannot be said for planting heroes. 
Given the higher proportion of women in tree planting, does the lower status of 
tree planting reflect the perceived qualifications for undertaking the work? For 
example, no specific education or previous training is required for individuals to 
be hired for forest planting, whereas there have always been educational require- 
ments for machine operators. To work as a harvest operator in Sweden is considered 
a highly qualified task because of the range and number of decisions that the operator 
must make, and according to Nordin (2006), some operators make the comparison 
with that of a combat pilot. This reference not only reflects the notion of the inter- 
acting stressors of the work but also expresses the construction of masculinity and 
the gendering of forestry work. According to our knowledge, there are no similar 
metaphoric references related to the forest planter, and very little research has been 
carried out regarding regenerating work (force) as compared with harvesting work 
(force). Without negating the difficulties of logging work, we also note that percep- 
tions of the necessary qualifications for and intensity of particular work tasks are 
also gendered. 

In Canada, tree planting also has gender dimensions, although these dimensions 
play out somewhat differently. As in Sweden, tree planting is undertaken through 
independent contractors and employs a large proportion of women, although workers 
are not necessarily local or rural. Young people, typically from middle-class or upper- 
class socioeconomic backgrounds, take up the physical and precarious work during 
summer months, often while pursuing higher education (Ekers & Farnan, 2010; 
Sweeney, 2009a). The volume of research about tree planting is a minute frac- 
tion of that about timber harvesting (Sweeney, 2009b), leading Sweeney (2009b, 
p. 47) to assert that "researchers have all but ignored the workers who plant the 
trees." Research that touches on gender in tree planting explains that the propor- 
tion of women planters is higher than for the forest sector as a whole; however, 
specific numbers for the sector are not provided. Current estimates by promotional 
outlets suggest that at least 3096 of tree planters are women, and the proportion 
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is growing (Silviculture Canada, 2022). Nevertheless, researchers also suggest that 
tree planting activities reinforce gendered identities of the larger forestry culture. For 
example, researchers have explained how women have negotiated their roles within a 
masculine-dominated industry, aimed to work like men, and addressed explicit forms 
of gender-based discrimination and sexual objectification and even violence (e.g., 
Long, 2021; Main, 2009). While the findings of Main's research may appear dated, 
current news reports and research related to gender-based violence in tree planting 
worksites suggest that objectification of women tree planters remains significant 
today (Long, 2021; Trumpener, 2020). 

The overall lack of workforce research on tree planting in boreal forestry 
(including gender-disaggregated data) in both Sweden and Canada means that ques- 
tions relating to how the status of tree planting impacts how women and men identify 
themselves with forestry cannot be answered. However, the theories introduced above 
can guide us to make assumptions, set up hypotheses, specify research questions, 
search for “hidden” data, and interpret our findings. 

These reflections might also shape the readiness of the forest sector to adapt to 
climate change. What are the implications of the forestry imaginary for the sector's 
ability to adapt to climate change? Despite legislation and policy commitments to 
gender equality in Canada and Sweden, the forest sectors in both countries continue 
to limit the engagement of women in forestry work and management decisions. For 
example, a recent Canadian report used census data to explain that “in 2016 women 
occupied 1746 of the jobs in Canada's forest sector. This is an improvement over 
1996 but maintaining the same rate of change suggests that it would take another 
200 years to reach parity" (Wyatt et al., 2021, p. 1). The proportion of women 
working in decision-making positions is even lower. The minimal representation 
of women (and of Indigenous and other racialized peoples) is coupled with how 
forest management is viewed as a highly technical exercise whereby forest compa- 
nies are granted licenses to meet annual harvesting targets. As detailed above when 
describing management masculinity, such technical expertise and narrow focus have 
been demonstrated in both Canada and Scandinavia to be characteristics of a mascu- 
line enterprise (Brandth & Haugen, 2005; Reed, 2003b), effectively restricting who 
is deemed to have appropriate expertise to contribute to management decisions. This 
narrow problem formulation and assessment of appropriate expertise may limit the 
capacity of the sector to adapt to rapidly changing circumstances. For example, the 
demands to assess the vulnerabilities associated with climate change and to deter- 
mine adaptation or mitigation strategies are urgent. Yet, criticisms have been leveled 
at the pace of adaptation in both countries. In Sweden, for example, following a 
study involving 15 forest organizations across Sweden's forest sector, Andersson 
and Keskitalo (2018) remained pessimistic about the capacity of the sector to adapt, 
suggesting that “business-as-usual remains the logical choice in Swedish forestry” 
(p. 75) for the near future. Similarly, Andersson et al. (2017) provide a long list 
of social and institutional barriers to taking up bold climate adaptation measures 
(particularly those that might not conform to the present economic logic), including 
a lack of relevant expertise and alternative management practices for forest owners. 
In Canada, Johnston and Hesseln (2012) also found several institutional and financial 
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barriers related to tenure and regulations and investment that limited the capacity of 
forest managers to adapt to climate change. A more recent review by Williamson et al. 
(2019) is more optimistic but indicates that adaptation measures related to policy, 
practices, and approaches remain in their early stages. They argue that to enable 
adaptation would require (1) engaging with Indigenous Peoples through collabora- 
tion; (2) revising institutions such as regulations, tenure structures, and definitions 
of sustainable forest management; (3) improving communication between scientists 
and decision-makers; (4) raising awareness within and beyond forest companies; (5) 
and providing resources and leadership for local innovation and experimentation. 

Interestingly, in quite a separate literature, research has found that a more diverse 
workforce is more likely to embrace innovation and change. For example, a recent 
study by McKinsey & Company (2020, p. ii) argued that "diverse teams have been 
shown to be more likely to radically innovate and anticipate consumer needs and 
consumption patterns—helping their companies to gain a competitive edge." In 
Canada, at least, there is a change in the proportions of women seeking forestry 
training, at least within the professional job categories. For example, the proportion 
of women graduating from professional programs in forestry was 4896 in 2020 (Wyatt 
et al., 2021). If coupled with strategies that encourage the retention of women and a 
rethinking of the managerial models of forestry, improvements in equity, diversity, 
and inclusion around decision-making tables may also enhance the capacity of the 
forest sector to adapt to climate change. 


22.6 Conclusions 


In this chapter, we have reviewed research from Canada and Scandinavia that 
has demonstrated that although the nature of forestry work has changed through 
economic and technological restructuring, the significance of gender has not dimin- 
ished. Rather than reducing the salience of masculinity, restructuring has resulted in 
the multiplication of masculine norms and ideals, with different forms of knowledge 
(practical, technological, administrative) being reimagined through a masculine lens. 
New forms of masculinity have emerged, and yet an overall imaginary remains that 
continues to valorize timber production over a broader suite of possible forestry activ- 
ities. Furthermore, despite multiple opportunities to engage and employ women, the 
industry remains remarkably male dominated and women continue to be subjected to 
discrimination, sexualization, and harassment (Johansson et al., 2018, 2019; Long, 
2021; Trumpener, 2020). These findings are true in Canada and Sweden, two coun- 
tries where boreal forests dominate and where governments pride themselves on 
supporting gender equality. 

There is hope that public demands to address climate change and embrace a 
broader agenda for forest management are starting to be realized through certification 
requirements and policy changes. Nevertheless, if we continue to promote suitable 
men in the roles of producers, decision-makers, and managers, women will remain 
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grossly underrepresented in these positions, and the forest industry's capacity to 
adapt and innovate may be stifled. 

This is no time for complacency. Feminist theories and empirical analyses to date 
have unpacked the assumptions of this imaginary and have documented material 
consequences for the sector and the workers who labor in it. While feminist scholars 
have discovered an extensive literature filled with male heroes, they have not found 
a corresponding literature about women who work in the sector. While the value 
of representing individuals as heroes and heroines may be disputed, the task of 
documenting the critical roles played by women through the phases and levels of 
industrial practice is just beginning. Perhaps even more necessary is the need to open 
the sector to women in roles that can help shape the industry's capacity to adapt to 
urgent priorities such as climate change. By combining feminist theories with stories 
of women who work in different aspects of forestry, we can render women's expertise 
and contributions to the forest sector more visible, while also addressing some of the 
fundamental questions related to what forests produce and how forest companies can 
adapt to climate change. We hope that readers of this chapter also begin unpacking 
assumptions that have yet to be questioned. We invite you to use our reflections to 
generate more fundamental questions of your own and pursue a deeper agenda with 
respect to gender and forestry across boreal landscapes. 
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Chapter 23 A) 
Public Participation at a Crossroads: get 
Manipulation or Meaningful 

Engagement in the Boreal Region 


John R. Parkins and A. John Sinclair 


Abstract Advances in public participation are stimulated by multiple drivers, 
including public concern for environmental degradation, conflict between forest 
users, Indigenous rights, and international agreements. Yet, with many notable 
advances, innovation has stagnated, and the quality of participatory processes in 
forest management is highly variable. The body of evidence to date demonstrates 
weaknesses in the design and implementation of participatory processes. With exam- 
ples from Europe and North America, in this chapter we note that public engagement 
is often mostly about legitimating predefined plans and policies, narrow technical 
discussions that malign the inherently political nature of forest management, and 
participants that are not representative of the general public. To move beyond these 
challenges, we propose several changes, including technological innovations such as 
web-based and emerging social media platforms and institutional innovations such as 
episodic and punctuated modes of engagement that are part of an overall participation 
plan. 


23.1 Introduction 


Public participation in forestry is ubiquitous throughout the boreal region with initia- 
tives that engage citizens in countries across Europe and Canada. These initia- 
tives take many forms, ranging from short-term workshops and planning sessions 
(Pappila & Pölönen, 2012) to complex institutional arrangements and enhanced 
Indigenous engagement (Klenk et al., 2013). In all countries, we observe advances in 
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public participation that are stimulated by multiple drivers, including public concern 
for environmental degradation, the desire to be involved in forestry decisions, conflict 
between forest users, scientific complexity and uncertainty, Indigenous rights, and 
international agreements that codify public participation as a key dimension of 
sustainable forest management. 

In some respects, advances in participatory processes are noteworthy and reflect 
a deepening of democracy in boreal regions; thousands of citizens have at least 
some opportunities to learn and influence the direction of forest management in 
their region. Improvements in public participation have the potential to enhance 
transparency, improve accountability, reduce conflict, and improve overall decision- 
making (Hanna, 2015). This is the promise and potential of public participation in 
forest management. 

Yet, as discussed in this chapter, although there is an increase in venues for public 
engagement in forest management, the quality of these engagements is highly vari- 
able, and the body of evidence to date demonstrates weaknesses in design and imple- 
mentation. These weaknesses are largely consistent across the boreal region in Europe 
and Canada. Borrowing a term from the "eight rungs of the ladder of citizen partici- 
pation" (Arnstein, 1969), what passes as public participation in forestry is often little 
more than “manipulation” or “therapy.” Itisatype of engagement that is synonymous 
with tokenism. Within this chapter, we use the term manipulation intentionally to 
represent forms of participation that meet minimal standards for citizen engagement 
and procedures but are designed to control the outcome of engagement processes. 
Given the achievements in public participation across the boreal region, our criti- 
cisms may sound harsh or overreaching. Yet, we make this claim in part because we 
observe little innovation or improvement to engagement processes in recent decades. 
In spite of more than 20 years of critical analysis and repeated recommendations for 
improvements, we observe almost no change (Lindgren et al., 2019). 

This chapter considers the status of public participation in forest management by 
highlighting several policy developments and catalysts from the onset of environmen- 
talism in the 1970s to the present day. We note several key achievements and also the 
challenges that lie ahead for democratizing forest management. Although we review 
the literature on this topic drawing from examples in the boreal regions in Europe 
(highlighting commonalities), this chapter focuses mainly on the Canadian context 
with attention to current challenges and opportunities for advancing public engage- 
ment. With topics on Indigenous forestry (Chap. 20) and gender aspects (Chap. 22) 
covered in other chapters in this volume, this chapter pays particular attention to 
issues of representation, meaningful participation, and possibilities for institutional 
innovation. 
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23.2 Public Participation in the Boreal Forest: 
International Perspectives 


The FAO Joint Committee (2000, p. 7) defines public participation as: 


Various forms of direct public involvement where people, individually or through organized 
groups, can exchange information, express opinions, and articulate interests, and have the 
potential to influence decisions or the outcome of specific forestry issues. 


This definition gets at the heart of the concept emphasizing two-way flows of 
information as a distinct alternative to one-way flows of information, i.e., commu- 
nications. The other key part of this definition involves the potential to influence 
decisions. This definition of public participation relates to a range of consultation 
and engagement procedures in forestry or other regulatory settings, such as impact 
assessment and public hearings. Here we distinguish between public participation 
and more direct forms of delegated authority, direct democracy, or citizen control. 
The basic thrust behind public participation involves a sense that citizen engagement 
is meaningful. This idea of meaningfulness is derived from mutual learning and the 
possibility of linking directly with policy or management decisions (Sinclair et al., 
2017). 

Considering public participation from a more theoretical perspective, Pappila and 
Pólónen (2012) refer to the environmental, integrative, and democratic functions 
of participation. In particular, they note that public participation consists of “(1) 
access to information, (2) participation in decision-making and (3) access to justice 
in keeping with the terms of the Aarhus Convention, the most important interna- 
tional agreement on public participation" (p. 178). This convention (UNECE, 1998) 
provides a framework for environmental management within European countries that 
involves access to information, public participation in decision-making, and access 
to justice. The agreement mobilizes forest policy development in boreal regions such 
as Finland, Norway, and Sweden (Lindstad & Solberg, 2012). 

The rationale for public participation in European countries is partly a function 
of democratic impulses at the national level as well as international agreements, but 
there are also more pragmatic reasons for implementing participatory processes in 
forest management. These reasons are summarized by Kleinschmit et al. (2018) to 
include empowerment, influence, legitimacy, representation, transparency, account- 
ability, and effectiveness. Added to this list is the role that participatory processes 
can play in achieving sustainability. “It is argued that gathering, integrating and 
taking into account society's perspectives in relation to a forest-related objective or 
problem makes the resulting policy decisions and implementation more sustainable" 
(Kleinschmit et al., 2018, p. 7). Toward this end, the aspirational aspects of public 
participation lead some Finnish researchers to declare promising directions toward 
sustainability in the form of an improved implementation of regulations, enhanced 
conflict resolution, identification of shared interests, and possibilities for the accep- 
tance of decisions as they emerge more transparently from participatory processes 
(Pappila & Pólónen, 2012). 
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Researchers have also recognized the importance of individual, social, and mutual 
learning to meaningful participation and effective resource management, including 
forest management in both Europe and Canada (e.g., Romina, 2014; Van der Wal 
et al., 2014). As established by Woodhil and Róling (2000, p. 54), such learning can 
"help improve the quality and wisdom of the decisions we take when faced with 
complexity, uncertainty, conflict, and paradox." Important social learning outcomes 
through involvement in forest management indicate that learning can result in collec- 
tive action outcomes, such as protecting cultural heritage, acquiring new knowledge 
about forests and forestry, and building relationships (e.g., Assuah & Sinclair, 2019). 

Notwithstanding the promise of public participation, researchers have identified 
a plethora of ongoing challenges. These issues are clearly evident across the boreal 
region, and we summarize some of the most salient issues here. First, consistent 
with problems of tokenism, we note that public engagement is often little more than 
a process of legitimation. It serves to legitimize the dominant discourses of elite 
interests rather than allowing for the consideration of alternatives to the status quo 
(Parkins & Sinclair, 2014). Studies suggest “that uneven power relations, unclear 
mandates and vague forms of accountability favor the state, forest owners and forest 
industry" (Lindahl et al., 2017, p. 54), while at the same time discrediting local 
knowledge, local users, and local systems of forest governance. 

Second, participation often involves depoliticization. Working with interested citi- 
zens is an inherently political process involving careful consideration of contending 
and legitimate values, ideas, and supporting evidence. Although participation is inher- 
ently political in this way, we observe efforts to depoliticize processes of partic- 
ipation through highly technical or science-based decisions. This includes efforts 
to get past the messiness of politics with big assumptions about how to imple- 
ment unbiased and clear-cut options presented within scientific data. This technical 
approach often maligns the complex and contested nature of forest management. 
In this context, authors such as Klenk et al. (2013) conclude that limitations on 
participation "effectively curtailed the advocacy of participants' political interests" 
(p. 172). 

Third, moving to more functional and pragmatic challenges, many scholars note 
a clear lack of representation in participatory processes. Numerous studies in the 
Canadian context, for example, highlight a limited range of public values within 
participatory processes (e.g. McFarlane & Boxall, 2000), as well as procedural 
aspects of engagement processes that curtail the capacity of specific individuals to 
participate effectively in group processes (Parkins & Sinclair, 2014). 

Lastly, there are functional challenges related to implementing participatory 
processes in forestry. Some of these challenges involve the timing of engagement 
processes and misalignment with specific points of decision-making. Much of the 
literature noted above establishes that participation is often relegated to operational 
decisions at best, i.e., what trees to cut and when. For many, this operational discus- 
sion comes too late in the decision process and represents the thinking behind the 
initial phases of participation in forest management that leaned toward trying to 
protect cultural values on the land, i.e., cut around them. Furthermore, especially 
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in Europe, with fragmented ownership structures, the opportunity for meaningful 
public engagement is difficult to implement on operations occurring on small tracts 
of land (Pappila & Pólónen, 2012). 


23.3 Public Participation in Canadian Forestry 


When we focus more specifically on the Canadian context, it is helpful first to under- 
stand how we have arrived at this point in time and identify the challenges ahead. 
Public participation in Canada enjoyed initial momentum from many of the same 
international movements that propelled civic engagement on environmental issues. 
This engagement started with the environmental movement in the 1970s, reflecting 
broad-based public concern for environmental degradation and demands for regula- 
tory oversight of industrial activity. Synonymous with this movement was the estab- 
lishment of departments of the environment in many jurisdictions throughout North 
America (McKenzie, 2002). Similarly, in the 1980s, the push to clarify what it means 
to undertake sustainable development (Brundtland Commission, 1987) propelled a 
number of international initiatives, such as the Earth Summit in Rio de Janeiro in 
1992. One legacy of Rio was the Montréal (2015), which formalized criteria and 
indicators for conservation and sustainable forest management in boreal forests. 
These efforts were instrumental in propelling specifically Canadian responses to 
these international initiatives. 

In Table 23.1, we summarize key incentives that stem from these initial develop- 
ments, with an attempt to focus (mostly) on national events or initiatives having a 
national impact. In this section, readers will observe an emphasis on events in the 
1990s. This decade was a particularly challenging and innovative time for Cana- 
dian forestry, with several institutional and regulatory developments taking place 
throughout the boreal region and beyond. 

To provide a backdrop to these developments, we make particular note of the 
Clayoquot Sound blockades in 1993 (Hayter, 2003). Although the conflict reached 
a peak in the early 1990s, Clayoquot Sound is emblematic of a decade-long conflict 
between environmentalists and the forest industry in British Columbia, spilling out 
into other parts of the country. Often dubbed the “war in the woods,” this persistent 
and high-profile conflict was a catalyst for changes to forest policy, including a series 
of initiatives to integrate citizens and key stakeholders into forest management in a 
more meaningful way. 

There are three key initiatives through the 1990s that warrant specific attention 
here. First, in terms of forest policy, Canada is perhaps best known worldwide for its 
leadership in establishing Canada's Model Forest Program (LaPierre, 2003). Initi- 
ated in 1991 with financial support from the Canadian Forest Service, the program 
had ten sites across the country. It also established an international presence and 
propagated the idea of model forest institutions in many other countries. The idea 
behind the program was to develop and showcase a new institutional model to foster 
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Key incentives for public participation in Canadian forestry 


Year 


1970s 


Event/Topic 


Departments of 
environment 


Description 


Second-wave environmentalism 
established environment 
departments and laws around 
broad-based public concern for 
environmental degradation 


References 


McKenzie (2002) 


1987 


Sustainable 
development 


Global movement to define 
sustainability and establish 
measures of progress toward 
this goal 


Brundtland (1987) 


1990s 


Public advisory 
committees 


Advisory committees associated 
with tenure holders became a 
policy requirement, culminating 
in more than 100 committees 
nationally by the year 2000 


Parkins et al. (2006) 


1991 


1993 


Model forest 
program 


Clayoquot Sound 
blockades 


Diverse representation on 
boards and local stakeholder 
engagement 


Decades of conflict 
characterized by a “war in the 
woods;" which culminated in 
blockades, mass civil unrest, 
and the resolve to improve 
public engagement in forest 
management 


LaPierre (2003) 


Hayter (2003) 


1995 


1996 


Sustainable forest 
management 


Forest certification 


Inspired by the Montréal 
Process, detailed criteria and 
indicators for sustainable forest 
management, including fair, 
effective, and informed 
decision-making 

Canadian Standards Association 
CAN/CSA Z809 established 
standards for public 
participation in forest 
management 


Bridge et al. (2005) 


Clark and Kozar (2011) 


1998 


2000s 


Community forests 


Indigenous forest 
tenure 


Community forest licenses 
started in several provinces 
leading to some decentralized 
decision-making 


Indigenous communities 
establish direct management 
control of local forest resources 


Teitelbaum et al. (2006) 


O’Flaherty et al. (2008) 
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local innovation and influence the management of public forest lands with closer 
collaboration between key forest stakeholders (Sinclair & Lobe, 2005; Sinclair & 
Smith, 1999). 

Second, because of ongoing contraction in the forest sector and a sense of urgency 
to reconnect forestry with community development, by the late 1990s we observe 
the flourishing of community forests (see Chap. 21 for more details). By one esti- 
mate, there were 100 community forests across the country, the majority located in 
the provinces of British Columbia, Ontario, and Québec (Teitelbaum et al., 2006). 
Whereas model forests connected multiple stakeholders and land managers in part- 
nership (including public and private sectors), community forests allowed munici- 
palities and Indigenous communities to establish long-term lease agreements with 
provincial governments to manage local forest landscapes for multiple values. Local 
control and local benefits define the nature of community forests and, in many ways, 
bring rural municipal leadership into the governance model of forestry in Canada. 
A number of Indigenous communities are involved in community forests, and this 
model of Indigenous forest tenure has evolved over the last decade to include direct 
“nation-to-nation” agreements (O'Flaherty et al., 2008). 

Third, although the abovementioned initiatives enjoy a higher profile, the last 
initiative we describe here is arguably the most ubiquitous in terms of public participa- 
tion in the forest sector. Established in the early 1990s, the public advisory committee 
has become the default mode of public engagement across the country. Relying on 
a national survey of advisory committees (Parkins et al., 2006), we identified more 
than 100 committees tied directly to the industrial forest land base. These committees 
have similar mandates to support two-way flows of information and facilitate public 
influence over decision-making. In some jurisdictions such as Ontario, local citizen 
committees are organized and managed by the provincial government, and these 
citizen bodies are intended to contribute to area-based forest management plans. By 
contrast, in Alberta, advisory committees are sponsored by private firms, which have 
the responsibility for planning and managing area-based tenures in the province. As 
a process for local engagement, advisory committees include stakeholders, such as 
municipal leaders, recreation groups, environmental organizations, and sometimes 
educational and religious leaders. 

Evolving from forest governance post-Rio and the Montréal Process, public advi- 
sory committees received further support from several national initiatives in the 
forest sector. First, in 1995, the Canadian Council of Forest Ministers established 
an influential set of criteria and indicators of sustainable forest management (Bridge 
et al., 2005). These indicators included the goal of fair, effective, and informed 
decision-making as a key dimension of sustainability. At about the same time, the 
Canadian Standards Association established a formal standard for forest certification 
(CAN/CSA Z809), and this standard included a key role for public engagement in 
defining and monitoring sustainable forest management. Taken together, these public 
and private sector initiatives further cemented the public advisory committee as a 
key component of forest governance in Canada. 
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23.4 Public Participation at a Crossroads 


This brief review reflects a burst of innovation in forest governance during the 1990s. 
Advances during this time were remarkable, partly because of the wide-ranging initia- 
tives that promised to strengthen citizen engagement across a range of institutions. 
Over the past 20 years, however, the evolution of forest governance has faltered. On 
the one hand, endless critiques and invitations for improvement are accumulating 
in the published literature (e.g., Ambus & Hoberg, 2011; McGurk et al., 2006). On 
the other hand, little has changed, perhaps with the exception of Indigenous forestry 
initiatives (Wyatt et al., 2019), covered in Chap. 20. 

Inarecent review of public advisory committees in Canada, authors from multiple 
regions of the country have become more strident in their critiques. Lindgren et al. 
(2019) state that little has changed "since 2004 in terms of representativeness, insuffi- 
cient public outreach and transparency, and indeterminate effectiveness in influencing 
forest management" (p. 37). The authors also claim that public advisory committees, 


are not likely to deliver on many of the complex issues facing forest managers such 
as consideration of the impacts of and adaptation to climate change, reconciliation with 
Indigenous people, and meaningful consideration of gender and other diversity factors in 
decision-making. (p. 37). 


Other researchers echoed these sentiments when assessing the efficacy of partic- 
ipatory processes in the forest sector. For example, Miller and Nadeau (2017, p. 19) 
examined 15 years of participatory processes in the boreal forest of Nova Scotia and 
New Brunswick, identifying: (1) the importance of understanding the historic power 
imbalances that continue to shape dialogue and spaces for participation; (2) repeated 
attempts to enhance engagement followed by, 


disappointments in implementation that have led to feelings of meaningless involvement, a 
closed system, and mistrust in the government and industry; (3) a system of privileged access 
that runs counter to the ideals of deliberative democracy and an equitable decision-making 
process. (p. 19). 


These recent critiques represent just a small sampling of concern from many 
researchers about the state of public engagement in Canadian forestry. These concerns 
are echoed across parts of Europe, with Lindahl et al. (2017) and others identifying 
enduring struggles for meaningful local engagement. With the foregrounding of these 
concerns, most analysts would agree we are at a crossroads: one path leads to further 
manipulation, legitimation, and degrees of tokenism that erode forest governance, 
whereas a second path involves a meaningful response to the challenges ahead. For 
brevity, we address two of these challenges here as a signpost for the work that lies 
ahead. 
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23.4.1 Representation—Broader Community Involvement 


Much of the literature on participation in forest management relates to “marginal- 
ized" groups and the need for group diversity. Concerns are often associated with 
women, Indigenous people, youth, and sometimes local environmental organizations 
that reject local engagement processes (Nenko et al., 2019; Reed, 2010; Reed & 
Varghese, 2007). Research shows that even when these voices are at the table, they 
often have trouble gaining voice (Parkins & Sinclair, 2014). Studies also indicate 
that participants within such groups and roundtables are often "representatives" of 
other constituents; however, there is no, or little, capacity to actually help these 
people communicate with their constituents, share information, and collect feedback 
(Lindgren et al., 2019; McGurk et al., 2006). 

In addition to sociodemographic diversity and the representation of marginalized 
groups, representation is also associated with the diversity of values that are repre- 
sented by specific participants. This aspect of representation can be more challenging 
to characterize, but researchers often identify values on a spectrum from biocentric 
to anthropocentric and can characterize these values within an advisory committee in 
comparison with values within the general population (McFarlane and Boxall 2000). 
This approach to understanding representation is less common in practice but is no 
less important in bringing diverse interests together to discuss forest management 
issues. 

The involvement of Indigenous people has also been vexing. Indigenous voices are 
often those noted as missing by participants in forest management (Nenko et al., 2019; 
Parkins et al., 2006). One cannot overstate the importance of international agree- 
ments, such as the UN Declaration on the Rights of Indigenous Peoples (UNDRIP) 
and associated imperatives regarding Free Prior and Informed Consent (FPIC) in 
terms of their influence on the current and future engagement of Indigenous people. 
Coupled with these international commitments, Indigenous peoples within Canada 
retain rights and privileges within the Canadian Constitution that hold implications 
for forest management. We view the future in regard to respecting these constitutional 
rights and the UN declaration in two ways: (1) the continued development of robust 
government-to-government agreements on the management of forest lands (e.g., the 
Whitefeather Forest Initiative described by O'Flaherty et al., 2008); (2) the partic- 
ipation of Indigenous people in forest management in other settings. For example, 
Alberta has Guidelines on Consultation with First Nations on Land and Natural 
Resource Management that forest product companies must follow (Government of 
Alberta, 2014). Manitoba has the Community Timber Agreements with Indigenous 
and northern communities that show potential for meaningful engagement (Lawler & 
Bullock, 2019). 

Finally, the importance of local environmental organizations is noteworthy. From 
Clayoquot Sound conflicts in the early 1990s to the present, local environmental 
organizations are often at the forefront of changing environmental practices in forest 
management. Because of a perceived lack of political efficacy, some of these local 
organizations have withdrawn from public advisory committees to the detriment of 
diverse local representation. 
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23.4.2 Meaningful Dialogue—Engagement on Issues 
of Public Concern 


Bringing people to the table, i.e., representation, is one part of the process; what 
they do when they are there is also an important consideration (Romina, 2014). As 
indicated in the FAO Joint Committee (2000) definition stated earlier in this chapter, 
the purpose of public participation is to "exchange information, express opinions, 
and articulate interests." This purpose cannot be achieved if participation is limited 
to one-way forms of communication and is dominated by "information out" from 
those leading committees or round tables. 

To foster meaningful engagement, we suggest a set of overarching principles that 
should guide participatory processes in forest management. These include: 


Adequate and appropriate notice of engagement opportunities is provided 

Participation begins early in the decision process and builds public confidence 

Public input can influence or change the outcome/decision being considered 

Processes are fair and transparent and allow for the local acceptance of final 

decisions 

© Opportunities for public comment are open to all interested parties, are varied and 
flexible, include openings for face-to-face discussions, and involve the public in 
the actual design of an appropriate participation program 

* Formal processes of engagement, such as forums of dispute resolution, are 
available 

e Participant assistance and capacity building are available for informed dialogue 
and discussion 

e Participation programs are oriented toward learning for all participants, including 
governments, proponents, and participants. 

e Information about the decision in question is available and in local languages. 


23.5 Moving Forward 


As a final word, it is often much easier to envision a meaningful process of public 
participation than it is to implement the process. The busyness of life, the compe- 
tition for people's time, and the histories of mistrust and conflict, particularly in 
the forest sector, often result in suboptimal outcomes, even with the best of inten- 
tions. The work of public participation is not easy. Well-trained practitioners and 
professionals coupled with well-resourced engagement processes can help to some 
extent, as do the examples of practice within the boreal forest (e.g., Kleinschmit 
et al., 2018; Pappila & Pólónen, 2012), but we may also need to envision entirely 
new ways of engaging citizens on forest management issues. One solution might 
involve technological innovation. Social media platforms, such as Instagram, along 
with virtual conferencing and webinar platforms, such as Zoom, have proliferated 
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in recent years, allowing for many new ways of linking people with forest land- 
scapes and decision-making (e.g., Sherren et al., 2017; Sinclair et al., 2017). These 
technological innovations hold much promise but remain underutilized in the forest 
sector. 

A second solution might involve new institutional designs. With a new generation 
of emerging professionals and leaders, the culture of engagement may need to shift. It 
may no longer be sufficient to assume participation within established and long-term 
processes, such as public advisory committees or working groups. Less permanent 
and more episodic modes of engagement that are part of an overall participant plan 
may be needed; for example, rather than hosting monthly information sessions, one 
could build a brief program of engagement that is focused on a specific point of 
decision-making, where it makes sense to link the engagement process directly to 
the point of decision-making. It also seems critical to ask at least some of the people 
whom you want to engage what types of participatory processes they are most likely 
to want to be part of, not just assume what is best. 

Moving public participation in forestry beyond the crossroads and down the more 
enlightened path will, in many cases, require a complete rethink of participatory 
processes from government, industry, nongovernmental agencies, and the public. 
We believe that the principles of meaningful participation outlined above provide 
a framework for action and would help ensure that the promise of participation is 
met. Such action will necessarily include rethinking approaches to engagement to 
address functional challenges, paying attention to representation, producing mean- 
ingful dialogue, and establishing new institutional designs. There is now more than 
ample experience through training with professional organizations such as the Inter- 
national Association for Public Participation (IAP2), not to mention guidebooks and 
handbooks, to help frame new engagement designs (Heierbacher, 2010). We only 
have to be willing to think beyond open houses aimed at placating the public toward 
a more civic approach to engagement (Sinclair & Diduck, 2017). This change will 
require academics to re-engage in scholarship regarding approaches to participation 
in forest management because little has been written on innovative approaches in the 
last 20 years. 
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Abstract Natural disturbances such as wildfires, insect outbreaks, and windthrow 
are important processes shaping the structure and functioning of boreal forests. 
Disturbances are expected to intensify in the future, and this change will have 
profound consequences on the supply of ecosystem services to society. Consequently, 
models are needed to project future disturbance trajectories and quantify disturbance 
impacts on boreal forests. Here, we summarize key concepts of modeling natural 
disturbances in boreal forests. We focus specifically on disturbances from wildfire, 
wind and snow, and herbivores and discuss the different approaches used to capture 
their dynamics in models. 
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24.1 Introduction 


In boreal forests, stand composition and structure are influenced directly by fire 
events, insect outbreaks, windstorms, and industrial harvesting (James et al., 2011). 
Hence, the current state of the forest is affected by the spatial heterogeneity (patchi- 
ness and mosaics) of past forest disturbances; in turn, this spatial heterogeneity forms 
the template for future disturbance dynamics. Forest landscapes have a long memory 
of disturbances (Peterson, 2002), and their patterns can persist for several decades or 
even centuries (James et al., 2007). Consequently, disturbances are a crucial driver 
of forest landscape dynamics. 

Forest disturbance regimes around the globe are changing rapidly because of 
climate change (Seidl et al., 2017). In boreal forest ecosystems, the coincidence of 
warmer and drier than average conditions consistently leads to increased disturbance 
activity (Seidl et al., 2020). As the climate system will likely continue to change in the 
coming decades and boreal regions warm more rapidly than other parts of the world 
(IPCC, 2013), forest disturbances in the boreal zone could increase in the future 
(Boulanger et al., 2014; Flannigan et al., 2009; Gauthier et al., 2015). Understanding 
and projecting future forest disturbance regimes is of paramount importance, as 
disturbances shape ecosystem structure and function and influence the ability of 
forests to provide important ecosystem services to society (Thom & Seidl, 2016). 
The main tools for making inferences on potential future disturbance trajectories and 
their impacts are models. This chapter reviews different approaches to modeling the 
most important natural disturbance agents in boreal forests: wildfire, wind and snow, 
and herbivory from pathogens, insects, and mammals. Given that the main platforms 
for modeling boreal forest disturbances are forest landscape models, we precede our 
discussion of modeling individual disturbance agents with a short introduction to 
forest landscape modeling. 


24.2 Forest Landscape Modeling 


Forest landscape models simulate forest dynamics beyond the stand scale in a 
spatially explicit manner and consider landscape-scale processes, such as the 
dispersal of seeds and the spread of fire across the landscape (Shifley et al., 2017). 
Because forest structures vary over time and space and landscape patterns create feed- 
backs affecting the frequency and severity of subsequent disturbances (James et al., 
2007), simulating the spatiotemporal interactions between vegetation and distur- 
bances has become a central purpose of forest landscape models. Several spatially 
explicit landscape models have been developed over the last decades, ranging from 
individual-based (SORTIE-NT, Beaudet et al., 2011; iLand, Seidl et al., 2012) to 
cohort-based models (LANDIS, He & Mladenoff, 1999). Many of these models aim 
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to investigate the synergistic effects of the apparent stochasticity of natural distur- 
bances (fire events, insect outbreaks) and scheduled human activities (forest manage- 
ment). Here, we refer the reader to excellent reviews that synthesize the wide range 
of landscape and disturbance models available to date (Keane et al., 2015; Perera 
et al., 2015; Seidl et al., 2011; Shifley et al., 2017, among others). 

Most forest landscape models build on a common structure and add modules 
to incorporate more processes or features. For example, LANDIS (He & Mlade- 
noff, 1999: He et al., 1999) models species by age cohort on a lattice where several 
processes must occur (seed dispersal, succession), while additional disturbances are 
optional, including fire, insect outbreaks, and harvesting). The PnET module of 
LANDIS-II (de Bruijn et al., 2014; Scheller et al., 2007) improved on the orig- 
inal LANDIS approach by adding ecophysiology and successional models to model 
biomass per age class and tree species. Similarly, LANDIS PRO (Wang et al., 2014; 
Xiao et al., 2017), which is derived from LANDIS, models biomass on the basis of 
tree density and size per cell; this makes it possible to interface the model directly 
with forest inventory data. Other forest landscape models have been developed using 
dedicated modeling languages, such as SELES (Spatially Explicit Landscape Event 
Simulator, Fall & Fall, 2001). Another example is the Vermillion Landscape Model 
(VLM; James et al., 2007, 2011), which simulates the effects of fire events, insect 
outbreaks, and harvesting. Other models have used a state-and-transition modeling 
approach in which vegetation dynamics are simulated as transitions between discrete 
vegetation states (e.g., ST-SIM). For instance, Daniel et al. (2017) incorporated both 
deterministic state transitions from forest management plans and stochastic effects 
of fire events in their simulation of a study area in the boreal forest of Ontario. They 
showed the importance of including stochasticity caused by disturbances within 
forest management planning and highlighted the potential of disturbances to create 
shortfalls in timber harvest. We also note that in the context of forest management, 
many stand-level models are applied (e.g., Diaz-Yafiez et al., 2019; Valinger & 
Fridman, 2011). 

Regardless of the selected modeling approach, all models must be parameterized, 
and an understanding of the direct and indirect relationships among the modeled 
processes is a prerequisite. Models developed for a specific region usually cannot be 
applied to another region without first calibrating the model with new data or eval- 
uating it against independent data obtained from the new study area. A key differ- 
ence exists between empirical models, which are fit to available data, and process- 
based models, which are built from a quantitative understanding of the processes 
underlying forest dynamics. Whereas empirical models use the available data for 
model building—and are thus often more precise in their projections—process-based 
models, which are more general and can also robustly capture the effects of future 
environmental conditions not represented in past data, require data from the study 
area to evaluate whether the model can reproduce observed patterns (Grimm et al., 
2005). 
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24.3 Fire 


A tough challenge in projecting future changes in boreal forests is the inclusion 
of disturbance processes, such as wildland fire, that are driven by extreme events, 
exhibit nonlinear dynamics, and involve spatial relationships. Simulating fire involves 
emulating dynamic and sometimes stochastic processes of fire ignition, spread, and 
extinguishment controlled by a host of climatic, geoenvironmental, and societal 
factors, such as wind speed, slope, aspect, and proximity to human development. 
These factors vary widely in their relative importance depending on the type of simu- 
lated fire, i.e., natural wildfires (lightning-caused), human-caused accidental fires, 
and prescription burning. Lightning, for example, is the cause of most fires in Alaska 
(Kasischke et al., 2010); however, the majority of fires in Siberia are human-caused 
(Achard et al., 2008). This causes differences in the spatial and temporal pattern of 
ignitions and affects the rate of spread and the potential for fire suppression. Across 
all types, fire is sensitive to vegetation composition and structure (Johnson, 1996), 
but fire also has a significant effect on the rate and successional sequence of vege- 
tation and carbon cycling (Agee, 1996; DeBano et al., 1998). Creating models that 
simulate the timing, pattern, and severity of different fire types, while allowing for 
nonlinear changes in vegetation responses to climate change is not a simple task 
(Fig. 24.1). 

One of the most effective tools for simulating wildfire is the landscape fire succes- 
sion model, which runs the gamut from simple models of successional pathways and 
stochastic wildfire (e.g., SIMPLEE, Chew et al., 2004) to complex models simu- 
lating individual trees, biogeochemistry, and climate (e.g., Fire-BGC, Keane et al., 
1996). These models vary in their ability to simulate different ignition types, 1.e., 
natural or lightning-caused, suppression activities, the degree to which they rely on 


Fig. 24.1 The complex patterns created by wildfires in boreal forests (left) and their impacts on 
vegetation (right) as evidenced by the Hess Creek Fire, which burned 76,634 ha in central Alaska 
in 2019. Photo credits Melissa Lucash 
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first principles, the level of stochasticity, and the appropriate scale to which they 
should be applied (Keane et al., 2004; McKenzie & Perera, 2015). Despite the wide 
range of approaches and applications, all landscape fire models share four essential 
components: (1) fire ignition, (2) fire spread, (3) vegetation, and (4) fire effects. 

The ignition component of a fire model simulates the initiation of a fire event, 
which has both spatial and temporal aspects owing to variations in climate, vege- 
tation, and topography, which affect the probability of a successful ignition. Wild- 
fire ignitions are often simulated stochastically by applying a user-defined number 
of ignitions combined with a probability distribution function (e.g., Weibull, zero- 
inflated Poisson, and Pareto). These functions are then calibrated to match fire data 
from a fire-history database or perimeter atlas for the study region. However, this 
simulates the pattern but not necessarily the underlying mechanisms. Models differ 
in the factors that influence burn probability; some include weather (e.g., BFOLDS, 
Perera et al., 2002, 2008; FlamMap, Finney, 2006), a flammability coefficient or stand 
age (ALFRESCO, Rupp et al., 2000b), fire return interval (FireBGCv2, Keane et al., 
2011), or fuel moisture and type (BFOLDS, Perera et al., 2002, 2008). Most models 
do not account for the different spatial and temporal ignition patterns between human 
and natural fires. Human-caused fires often occur in areas of high accessibility and 
on holidays and weekends (Beale & Jones, 2011; Maingi & Henry, 2007), whereas 
natural fires are driven more by fuel type, fuel moisture, and climatic conditions that 
favor lightning. High-quality data are needed to parameterize or calibrate approaches 
that explicitly account for factors controlling ignitions (Prestemon et al., 2013), and 
recent efforts have compiled large databases for public use in the United States and 
Canada (e.g., NRC, 2020; Short, 2017). These databases are not available for all 
circumboreal forests, notably Siberia, and have limitations; for example, accidental 
fires may be reported within minutes of ignition, but lightning fires may not always be 
detected because they can smolder for days before growing to a detectable size often 
in remote locations. A decision-tree analysis is often employed for simulating human- 
prescribed burning in boreal ecosystems, whereby a maximum allowable number of 
ignitions is user-prescribed, and weather-conditional statements are applied to deter- 
mine whether the fire ignites (e.g., SCRPPLE, Scheller et al., 2019). Including all 
physical processes that affect wildfire ignitions for the various causes of fire is a 
complicated task (Prestemon et al., 2013) and has yet to be fully integrated into 
forest simulation models. 

Once a fire ignites, the spread components of the model determine the shape and 
extent of the fire, applying either a lattice approach or a vector strategy (Gardner 
et al., 1999). The lattice approach simulates fire spread from one raster pixel to 
another using cellular automata (EMBYR, Hargrove et al., 2000) or bond percola- 
tion (SpaDES, Marchal et al., 2020). These models allow the stochastic spread of 
fires between raster pixels on the basis of (1) probability distributions (e.g., Base 
Fire in LANDIS-II, He & Mladenoff, 1999; WMFire, Kennedy & McKenzie, 2010, 
McKenzie & Kennedy, 2012), (2) stochasticity combined with empirical relation- 
ships derived from laboratory experiments or field data (e.g., iLand, Seidl et al., 2012; 
SCRPPLE in LANDIS-II, ALFRESCO, Rupp et al., 2000b), or (3) physics-based 
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combustion and spread models (e.g., the WFDS, Mell et al., 2007; Coupled Atmo- 
spheric Weather-Fire Experiment, Coen et al., 2013). Vector strategies use raster 
maps of ignitions, but they allow fire to spread using two-dimensional vertices that 
increase in number as the fire grows (Finney, 1998). The spread is driven stochas- 
tically, empirically with generalized linear modeling, or via algorithms of physical 
processes (e.g., FARSITE, Finney, 1998; FARSITE in Fire-BGC, Keane et al., 1996). 
Spread in both cellular automata and vector approaches is influenced by vegetation 
succession, which can be simulated using (1) a state-and-transition model of user- 
defined community types and pathways, (2) a cohort model of species and age, or (3) 
anindividual plant model that simulates each tree or plant on the landscape. State-and- 
transition models, like ALFRESCO, have been widely used in boreal forests to char- 
acterize changes in vegetation type (Johnstone et al., 2011; Rupp et al., 20002), tree- 
line expansion (Hewitt et al., 2016), and vegetation-climate feedbacks (Euskirchen 
et al., 2016) in response to climate change. Cohort models, e.g., LANDIS-II, have 
seldom been used in boreal forests; an exception is their application to character- 
izing the importance of timber harvesting in driving long-term succession in Siberia 
(Gustafson et al., 2011). Although studies of postfire boreal succession have, to date, 
relied primarily on simpler, more deterministic models, future studies will focus on 
modeling fire spread and vegetation development to capture the emerging nonlinear 
dynamics stemming from the increased fire frequency in these systems (Johnstone 
et al., 2010; Kasischke et al., 2010). 

Fire effects are often simulated very simplistically using either rule-based method- 
ology (e.g., SIMMPLE, Chew et al., 2004; LANDSUM, Keane et al., 2006, 2008; 
TELSA, Klenner et al., 2000, Kurz et al., 2000) or mechanistic mortality proba- 
bilities (Fire-BGC, Keane et al., 1996, SCRAPPLE in LANDIS-II, Scheller et al., 
2019). In some individual models, all trees die if a fire burns in a cell (e.g., Base 
Fire in LANDIS-IL, He & Mladenoff, 1999; He et al., 1999), whereas state-and- 
transition models use rules to determine the fate of a vegetation type (1.e., transi- 
tion to a different state, Rupp et al., 2001). A more mechanistic approach relies on 
empirically derived logistic regression probabilities to model species or age-specific 
mortality (e.g., SCRAPPLE in LANDIS-II, Scheller et al., 2019); however, this has 
not been used in boreal ecosystems to date. 

Future attempts to project how boreal forests will be affected by wildland fire 
and climate change could be improved by (1) capturing the different mechanisms 
and spatial patterns between human-caused fires and wildfires, (2) establishing direct 
linkages to smoke models to estimate the impacts of smoke on human health, (3) 
creating models that couple processes of fire, vegetation, permafrost, and hydrology, 
and (4) ensuring the models capture nonlinear, emergent fire and vegetation behavior 
under a changing climate. Improved projections of wildland fire and smoke in boreal 
forests will help identify urban and rural communities at risk and determine the most 
effective strategies for developing future land-use plans. 
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24.4 Wind and Snow 


Wind is a major disturbance agent in coastal forests around the globe. The risk of 
wind disturbance generally decreases with distance from the coast. High gust speeds 
are the primary trigger of wind disturbances, with individual trees falling when 
gusts exceed approximately 30 m-s^!, and marked wind impacts occur when gusts 
exceed 40 m-s~! (Gardiner et al., 2010). The main causes of strong winds are (1) 
cyclonal storms resulting from large-scale pressure differences in the atmosphere; 
these storms are generally responsible for the most extensive wind disturbances in 
forest ecosystems; (2) thunderstorms, often with very high wind speeds but only 
local impacts; (3) katabatic winds resulting from cold air pooling over ice masses; 
and (4) winds resulting from weather differences between the windward and leeward 
sides of mountain ranges (e.g., foehn, Chinook). Strong winds can generally cause 
a wide variety of disturbance patterns in forest ecosystems, ranging from small- 
scale canopy openings via the replacement of individual trees to large-scale, high- 
severity disturbance patches (Fig. 24.2). Wind impact is strongly modulated by forest 
structure, with tree height and species identity being the most prominent predictors 
(Díaz-Yáüez et al., 2017; Valinger & Fridman, 2011). The main impact of wind on 
trees is stem breakage and uprooting. As this fundamental impact is the same for 
snow disturbances, the two agents are often modeled similarly and are addressed 
jointly here. Snow-related disturbances require the presence of snow, which limits 
them to areas having frequent snowfall or long periods of snow cover, such as the 
boreal zone. However, critical for the occurrence of snow-related disturbances are 
individual heavy snowfall events or rain-on-snow events, which cause heavy snow 
loads in tree canopies. The risk of snow-related disturbance is generally considered 
high when the cumulative snow load exceeds 20 kg m? (Kilpeläinen et al., 2010). 
Three crucial processes must be addressed to capture the dynamics of wind and 
snow disturbances in models: (1) the occurrence of strong winds or heavy snow 
loads, (2) the susceptibility of forests to wind and snow disturbance, and (3) the 


Fig. 24.2 The impacts of wind and snow on forest ecosystems range from individual tree death 
or damage (/eft) to the killing of trees at the stand to landscape scale (right). Photo credits Rupert 
Seidl 
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impacts of wind and snow on vegetation. Disturbances by wind and snow are trig- 
gered by climatic extremes, such as high winds and extreme snow loads. The occur- 
rence probability of such events can be derived from statistical analyses of climate 
data, e.g., using extreme value theory (Bengtsson & Nilsson, 2007). However, good 
climate observations—a prerequisite for such analyses—are often not available for 
remote forested areas. The occurrence of extreme wind and snow conditions has 
thus frequently been modeled as dependent on topographic variables (Ruel et al., 
1997; Suárez et al., 1999), describing the varying exposure to such disturbances in 
a landscape. Most existing dynamic forest landscape models trigger wind and snow 
disturbances stochastically. Increasingly, however, detailed local airflow models are 
used to derive critical windspeeds for forest landscapes. Approaches such as WAsP 
(Zeng et al., 2006) and MS-Micro/3 (Talkkari et al., 2000) have been applied to model 
the wind development over forest canopies, accounting for the effects of topography 
and forest structure at the landscape scale. Such models can also be applied to down- 
scale projections from regional climate models to obtain detailed wind projections 
for forests (WINDA, Blennow & Olofsson, 2008). 

Forest structure and composition strongly determine how vegetation responds to 
strong winds and high snow loads. In general, the susceptibility of forests to wind 
increases with tree height (Valinger & Fridman, 2011). Crown shape, stem taper, 
and species-specific wood properties also influence the sensitivity of forests to wind 
and snow. A common approach to modeling these susceptibility differences is fitting 
regression models to observational data (e.g., Diaz-Yafiez et al., 2017; Jalkanen & 
Mattila, 2000). Such models can then be implemented in simulation models that 
dynamically project forest structure and composition. Dose-response models are a 
more mechanistic approach to modeling vegetation susceptibility to wind and snow. 
These models typically quantify tree and stand attributes related to resisting the 
physical forces of wind and snow, such as tree height, modulus of rupture, and 
rooting strength. They subsequently determine the critical loads required for breaking 
or overturning a tree (GALES, Gardiner et al., 2000, 2008; HWIND, Peltola et al., 
19993; see also Fig. 24.3). Tree-pulling experiments provide an important empirical 
database for the parameterization of these models (Nicoll et al., 2006). Because 
frozen soil can considerably improve the anchoring of trees, soil frost has also been 
considered in modeling wind disturbances (Peltola et al., 1999b; Seidl et al., 2014). 
Furthermore, the spatial context of a stand is an important factor determining its 
wind risk, e.g., whether there is a large upwind gap or not, a situation considered 
explicitly in some simulation frameworks (HWIND, Zeng et al., 2009; iLand, Seidl 
et al., 2014). 

The impacts of wind and snow on forests can be manifold, ranging from broken 
branches and roots to stem breakage and the uprooting of trees. Furthermore, the 
frequent exposure to wind and snow can result in acclimation processes within a 
tree, e.g., increased allocation of carbohydrates to roots, changed canopy structure. 
To date, these processes have rarely been explicitly considered in disturbance models. 
Most models of wind and snow disturbance impacts consider only stem breakage 
and uprooting and determine whether a tree survives a given event or not. Some 
models additionally consider that trees can be killed by falling neighboring trees 
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INPUTS DERIVED VALUES MODEL OUTPUTS 
AND CALCULATION 
RELATIONSHIPS 


Upwind gap 


Distance from 
stand edge 


Aerodynamic Turning 
roughness moment and 
Zero plane stem surface 
displacement stress at the 
Mean wind profile tree base as a 
Gust factor function of 
Drag coefficient wind speed 
Crown streamlining 


Wind speed 
Snow load 


Stand density 
Crown depth 
Crown width 
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speed and snow 
loading for 
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surface stress that 
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Maximum 
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Fig. 24.3 The conceptual design of the HWIND dose-response model applied to simulate wind 
and snow disturbance in Finland. Modified with permission from Canadian Science Publishing, 
permission conveyed through Copyright Clearance Center, Inc., from Peltola et al. (19992) 


in a windthrow (ForGEM-W, Schelhaas et al., 2007). In cohort-based approaches, 
wind disturbances reset the forest development of a cohort (LANDIS, He et al., 
1999), whereas in structurally simple big leaf ecosystem models, wind impacts are 
simulated by removing biomass from the respective pools (BiomeBGC, Lindroth 
et al., 2009). In contrast to fire, the spatial extent of wind and snow disturbances is 
usually not determined through an active spread process. However, by updating the 
vegetation structure during a wind event and accounting for newly exposed trees, 
the landscape patterns created by windthrow can be mimicked closely in simulations 
(iLand, Seidl et al., 2014). 
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Climate change will profoundly influence the occurrence and severity of wind and 
snow disturbances. Changes in peak wind speeds remain difficult to project (Shaw 
et al., 2016); nonetheless, warmer temperatures and increased levels of atmospheric 
CO: could lead to taller trees in the boreal forest, which are more susceptible to 
windthrow. Moreover, warming will reduce soil frost, with adverse effects on the 
anchoring of trees (Gregow et al., 2011). Snow disturbances are generally expected 
to decrease under climate change (Seidl et al., 2017), yet the prevalence of wet snow 
events could also increase locally with warming. To improve projections of future 
wind and snow disturbances, we need better information on future wind and snow 
conditions and improved process models. 


24.5 Herbivory 


Biotic disturbance agents, such as insects, pathogens, and mammals, consume plant 
biomass in the boreal forest, causing growth loss and tree mortality. The extent and 
severity of biotic disturbances range from small, low-severity, gap-type dynamics, 
typical in Fennoscandia (Kuuluvainen & Aakala, 2011), to large-scale high-severity 
outbreaks, such as the spruce budworm (Choristoneura sp.) in Canada (Navarro 
et al., 2018) or the Siberian silkmoth (Dendrolimus superans) in Siberia (Kharuk 
et al., 2007) (Fig. 24.4). Although a tiny bark beetle may seem very different from a 
gigantic moose (Alces alces), they—from a perspective of disturbance modeling— 
share common processes that can be harnessed for modeling. All herbivores (1) 
disperse, (2) establish, (3) reproduce and die, and (4) affect their host in various 
ways (Fig. 24.5). The details of each process vary between agents and systems; 
however, these processes form the basic building blocks of models that simulate the 
dynamics of biotic disturbance agents in the boreal forest. 

Dispersal is one of the relevant processes for all biotic disturbance agents. Many 
agents move autonomously (using their feet or wings) for dispersal, whereas others 
rely on external aid, such as wind or water. Dispersal can be modeled simply by 
the distance an individual moves in each time step. Many landscape models use 
probability density functions to describe the probability of an individual moving 
from point A to point B in time f (e.g., Pukkala et al., 2014). However, these models 
neglect the direct effects of landscape structure, the size of the individual agent, 
and the prevailing weather conditions. Consequently, more detailed approaches have 
been developed to consider these factors (e.g., Norros et al., 2014; Sturtevant et al., 
2013). 

Once the agent has moved into a new area, whether it can establish itself in 
that location is constrained by two factors: (1) habitat quality, i.e., host availability 
and climatic suitability, and (2) population density, i.e., the number of individuals 
required to maintain a viable population. These are most often included in models as 
Boolean filters to indicate the success or failure of establishment or are represented 
in indices of varying levels of complexity (e.g., Lustig et al., 2017; Sturtevant et al., 
2004). 
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Fig. 24.4 Disturbances caused by biotic agents vary by extent and severity; (left) a low-severity, 
small-scale disturbance caused by the European spruce bark beetle (/ps typographus) in Finland, and 
(right) a high-severity, large-scale disturbance caused by eastern spruce budworm (Choristoneura 
fumiferana) in Quebec, Canada. Photo credits Juha Honkaniemi (left), Miguel Montoro Girona and 
Janie Lavoie (right) 


Population growth over time is crucial for an established population to thrive, and 
reproduction and mortality are central processes determining population growth. 
One of the simplest ways to model population dynamics is through logistic growth 
equations, where the population growth rate is defined by the birth and death rates 
of the agent, and the population size is constrained by external factors setting the 
carrying capacity of an area. However, population dynamics of well-studied biotic 
disturbance agents can be modeled more explicitly, e.g., using detailed phenological 
models (Baier et al., 2007; Bentz et al., 1991). 


HOST 


BIOTIC 
AGENT 


ENVIRONMENT 


Fig. 24.5 The disturbance dynamics involving biotic agents are the result of close interactions 
between the agent, its host, and the surrounding environment. The common processes shared by 
biotic agents, together with the interactive variables of host vegetation and environment, form the 
basic building blocks for model development 
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By definition, biotic disturbance agents affect their host species; these impacts can 
vary from decaying the root system to consuming foliage. Depending on the intensity 
of the biomass consumption and the compartment that is affected, these impacts can 
lead to growth loss or tree mortality. Modeling tree mortality probabilistically at 
different scales is one of the most common approaches to simulate biotic disturbance 
impacts (e.g., iLand, Seidl & Rammer, 2017; LANDIS BDA, Sturtevant et al., 2004). 
Some models incorporate more detailed approaches, such as the herbivory of foliage 
(Régniére & You, 1991) orthe decay of root systems (WINDROT, Honkaniemi et al., 
2017), and are thus capable of quantifying more detailed effects and various impact 
pathways in models. 

The changing climate affects biotic disturbance agents in various ways. The 
ongoing changes in environmental conditions are causing the poleward migration of 
many species, introducing pests to new environments (Bebber et al., 2013; Økland 
etal., 2019). Many insect species also respond to increased temperatures with acceler- 
ated reproduction and increased winter survival (Bale et al., 2002). In general, insects 
and pathogens will adapt faster to a changing climate than their hosts, increasing the 
risk for large-scale, high-severity outbreaks in the future. Mammalian herbivores, 
such as moose and voles, do not generally respond to climate change by rapid range 
shifts. They may, however, change their behavior with a warming climate, which 
may affect where and when these species cause disturbance (Korpela et al., 2013; 
Melin et al., 2014). In addition to climate change, global trade has accelerated the 
introduction of nonnative pests and pathogens to new ecosystems, creating novel 
threats to forests globally (Chapman et al., 2017; Santini et al., 2013; Seebens et al., 
2017). Both climate change and invasive alien species are serious challenges for 
boreal forests, for which simulation models can make a significant contribution. 

The structure and type of models used for simulating biotic disturbances depend 
on the questions that must be answered. Some models are aimed to simulate the poten- 
tial distribution, occurrence, and population dynamics of a pest, whereas others focus 
on quantifying pest impacts on forest ecosystems. Statistical models, such as logistic 
regression models that quantify short-term disturbance risks (e.g., Jalkanen, 2001; 
Magnussen et al., 2004) or climate-envelope models that predict potential species 
distributions (e.g., Vanhanen et al., 2007) are widely used. In a changing world, 
however, statistical models are not able to robustly capture the changes in agent 
dynamics. Moreover, the interaction effects between different disturbance agents are 
often impossible to capture with statistical models because of data limitations (e.g., 
Honkaniemi et al., 2018; James et al., 2011). Process-based models have been devel- 
oped to simulate potential future scenarios more robustly, capturing the underlying 
processes and their cross-scale interactions (Malmstróm & Raffa, 2000; Seidl et al., 
2011). Climate conditions drive many of the common biological processes shared by 
biotic agents, most often weather-related variables such as temperature or precipita- 
tion. In process-based models, these variables drive the physiological processes of 
agent dynamics, also making these models applicable for simulations under future 
climate conditions. 

The processes of biotic disturbances are often complex and must be simplified in 
models. The specific processes needing to be simplified and to what degree they can 
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be simplified is best decided on the basis of the model's aims. Following the princi- 
ples of pattern-oriented modeling (Grimm et al., 2005), a suitable trade-off between 
model complexity and payoff must be determined. For most biotic disturbance 
agents, however, we lack sufficient information on the species biology and ecology 
to freely choose a level of complexity in model development. Model complexity 
is dictated by the limited information available for parametrizing key processes 
foremost disturbance agents. 

Agent-based modeling, in which the behavior of individuals or groups in an envi- 
ronment is simulated (Grimm & Railsback, 2006), is one of the most common types 
of process-based models of biotic disturbance agents. In particular, well-studied 
biotic disturbance agents, such as the European spruce bark beetle in Europe and the 
mountain pine beetle in North America, are simulated in highly detailed agent-based 
models. These models can answer a broad range of questions from agent dynamics 
to disturbance impacts on ecosystem services (e.g., Bone & Altaweel, 2014; Jónsson 
et al., 2012; Powell & Bentz, 2014; Seidl & Rammer, 2017). 

However, the focus of model development on a small number of well-known 
agents is problematic, as it can overstate the susceptibility of certain host species 
over other hosts having less-known biotic disturbance agents. Therefore, the goal in 
developing process-based models for biotic disturbance agents in the future should 
be an inclusive and broad consideration of a wide variety of disturbance agents (see 
Honkaniemi et al., 2021; Lustig et al., 2017; Sturtevant et al., 2004 as examples 
of such models). General approaches to simulate the dynamics of different biotic 
disturbance agents will also help estimate the potential impacts of invasive alien 
pests in novel environments. 

Projections of the future disturbance regimes in boreal forests suggest a marked 
increase of pests and pathogens (e.g., Seidl et al., 2017; Weed et al., 2013). The harsh 
climate of the boreal region is becoming more favorable to many species, and the 
poleward migration of species will increase pest introductions and their successful 
establishment (Hof & Svahlin, 2016; Vanhanen et al., 2007). As boreal forests usually 
have low tree species diversity, they are particularly vulnerable to changing biotic 
disturbances. Considering a broader spectrum of biotic disturbance agents and their 
potential interactions is essential for future improvements of disturbance modeling 
of boreal forests. 


24.6 Outlook 


An important challenge for modeling boreal disturbance regimes is capturing the 
interactions between disturbances. Frequently, disturbance agents do not act in isola- 
tion but are influenced by other disturbances (Buma, 2015). Many of these relation- 
ships are amplifying interactions, but dampening interactions can also occur, e.g., 
when disturbance agents compete for the same resource. As disturbances increase 
under climate change, interactions between disturbances are also likely to increase 
(Seidl et al., 2017). It is thus essential to address disturbance interactions in modeling. 
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Dynamic landscape simulation models, such as LANDIS and iLand, provide a robust 
framework for addressing interactive disturbances because they can simulate multiple 
disturbance agents and their impacts on vegetation as an emergent property at the 
landscape scale (e.g., Lucash et al., 2018; Seidl & Rammer, 2017). 

A second significant challenge for disturbance modeling is scaling. As the impact 
of forest disturbances for the provisioning of ecosystem services is increasingly 
recognized (Thom & Seidl, 2016), disturbance effects must be considered in assess- 
ments at policy-relevant scales (1.e., national to global scales). Disturbance modules 
are, for instance, currently being developed for many Dynamic Global Vegetation 
models (e.g., Huang et al., 2020; Kautz et al., 2018), which are used inter alia to 
inform climate policy in regard to the strength of the global vegetation carbon sink. 
Nonetheless, given the complex interplay between vegetation, climate, and distur- 
bance processes, the scaling of disturbance dynamics is not trivial. An important tool 
for scaling could be metamodeling (Urban, 2005), i.e., deriving (more broadly appli- 
cable) models from existing models. Utilizing emerging machine-learning techniques 
can further contribute to scalable vegetation and disturbance models (Rammer & 
Seidl, 2019). 

Finally, robust and powerful models are highly dependent on the data and informa- 
tion available for modeling. To improve process-based models of forest disturbance 
regimes, we need a better understanding of critical processes, such as the dispersal of 
biotic disturbances and the interactions between disturbance agents. The elimination 
of such knowledge gaps and the improvement of process-based modeling of forest 
disturbance regimes requires more experimental research. Notwithstanding limita- 
tions in process understanding, the development of forest models is progressing at an 
accelerating pace, fueled by an increasing computational capacity and the growing 
availability of data. Remote sensing is increasingly important, as forest disturbances 
across the globe can now be continuously detected and measured from space (Hansen 
et al., 2013; Senf & Seidl, 2021). Overall, the modeling of natural disturbances 
can make an important contribution to an improved understanding of boreal forest 
dynamics in a changing world and can inform decision-makers in forest management 
and forest policy regarding the potential consequences of and responses to changing 
forest disturbance regimes. 


References 


Achard, F., Eva, H. D., Mollicone, D., et al. (2008). The effect of climate anomalies and human 
ignition factor on wildfires in Russian boreal forests. Philosophical Transactions of the Royal 
Society of London. Series B, Biological Sciences, 363, 2331—2339. https://doi.org/10.1098/rstb. 
2007.2203. 

Agee, J. K. (1996). Fire ecology of Pacific Northwest forests. Washington: Island Press. 

Baier, P., Pennerstorfer, J., & Schopf, A. (2007). PHENIPS—A comprehensive phenology model 
of Ips typographus (L.) (Col., Scolytinae) as a tool for hazard rating of bark beetle infestation. 
Forest Ecology and Management, 249, 171—186. https://doi.org/10.1016/j.foreco.2007.05.020. 


24 Modeling Natural Disturbances in Boreal Forests 605 


Bale, J. S., Masters, G. J., Hodkinson, I. D., et al. (2002). Herbivory in global climate change 
research: Direct effects of rising temperature on insect herbivores. Global Change Biology, 8, 
1-16. https://doi.org/10.1046/j.1365-2486.2002.0045 1.x. 

Beale, J., & Jones, W. (2011). Preventing and reducing bushfire arson in Australia: A Review of 
what is known. Fire Technology, 47, 507—518. https://doi.org/10.1007/s10694-010-0179-4. 

Beaudet, M., Harvey, B. D., Messier, C., et al. (2011). Managing understory light conditions in 
boreal mixedwoods through variation in the intensity and spatial pattern of harvest: A modelling 
approach. Forest Ecology and Management, 261, 84-94. https://doi.org/10.1016/j.foreco.2010. 
09.033. 

Bebber, D. P., Ramotowski, M. A. T., & Gurr, S. J. (2013). Crop pests and pathogens move polewards 
in a warming world. Nature Climate Change, 3, 985—988. https://doi.org/10.1038/nclimate1990. 

Bengtsson, A., & Nilsson, C. (2007). Extreme value modelling of storm damage in Swedish forests. 
Natural Hazards and Earth System Sciences, 7, 515-521. https://doi.org/10.5194/nhess-7-515- 
2007. 

Bentz, B. J., Logan, J. A., & Amman, G. D. (1991). Temperature-dependent development of the 
mountain pine beetle (Coleoptera: Scolytidae) and simulation of its phenology. The Canadian 
Entomologist, 123, 1083—1094. https://doi.org/10.4039/Ent1231083-5. 

Blennow, K., & Olofsson, E. (2008). The probability of wind damage in forestry under a changed 
wind climate. Climatic Change, 87, 347-360. https://doi.org/10.1007/s10584-007-9290-z. 

Bone, C., & Altaweel, M. (2014). Modeling micro-scale ecological processes and emergent patterns 
of mountain pine beetle epidemics. Ecological Modelling, 289, 45—58. https://doi.org/10.1016/j. 
ecolmodel.2014.06.018. 

Boulanger, Y., Gauthier, S., & Burton, P. J. (2014). A refinement of models projecting future Cana- 
dian fire regimes using homogeneous fire regime zones. Canadian Journal of Forest Research, 
44, 365-376. https://doi.org/10.1139/cjfr-2013-0372. 

Buma, B. (2015). Disturbance interactions: Characterization, prediction, and the potential for 
cascading effects. Ecosphere, 6:art70. https://doi.org/10.1890/ES 15-00058.1. 

Chapman, D., Purse, B. V., Roy, H. E., et al. (2017). Global trade networks determine the distribution 
of invasive non-native species. Global Ecology and Biogeography, 26, 907—917. https://doi.org/ 
10.1111/geb.12599. 

Chew, J. D., Stalling, C., & Moeller, K. (2004). Integrating knowledge for simulating vegetation 
change at landscape scales. Western Journal of Applied Forestry, 19, 102—108. https://doi.org/10. 
1093/wjaf/19.2.102. 

Coen, J. L., Cameron, M., Michalakes, J., et al. (2013). WRF-Fire: Coupled weather—wildland fire 
modeling with the weather research and forecasting model. Journal of Applied Meteorology and 
Climatology, 52, 16-38. https://doi.org/10.1175/JAMC-D-12-023.1. 

Daniel, C. J., Ter-Mikaelian, M. T., Wotton, B. M., et al. (2017). Incorporating uncertainty into 
forest management planning: Timber harvest, wildfire and climate change in the boreal forest. 
Forest Ecology and Management, 400, 542—554. https://doi.org/10.1016/j.foreco.2017.06.039. 

de Bruijn, A., Gustafson, E. J., Sturtevant, B. R., et al. (2014). Toward more robust projec- 
tions of forest landscape dynamics under novel environmental conditions: Embedding PnET 
within LANDIS-II. Ecological Modelling, 287, 44—57. https://doi.org/10.1016/j.ecolmodel.2014. 
05.004. 

DeBano, L. F., Neary, D. G., & Ffolliott, P. F. (1998). Fire effects on ecosystems. John Wiley & 
Sons. 

Diaz- Yaiiez, O., Mola-Yudego, B., González-Olabarria, J. R., et al. (2017). How does forest compo- 
sition and structure affect the stability against wind and snow? Forest Ecology and Management, 
401, 215-222. https://doi.org/10.1016/j.foreco.2017.06.054. 

Diaz- Yaiiez, O., Mola-Yudego, B., & González-Olabarria, J. R. (2019). Modelling damage occur- 
rence by snow and wind in forest ecosystems. Ecological Modelling, 408, 108741. https://doi. 
org/10.1016/j.ecolmodel.2019.108741. 


606 R. Seidl et al. 


Euskirchen, E. S., Bennett, A. P., Breen, A. L., et al. (2016). Consequences of changes in vegetation 
and snow cover for climate feedbacks in Alaska and northwest Canada. Environmental Research 
Letters, 11, 105003. https://doi.org/10.1088/1748-9326/11/10/105003. 

Fall, A., & Fall, J. (2001). A domain-specific language for models of landscape dynamics. Ecological 
Modelling, 141, 1-18. https://doi.org/10.1016/S0304-3800(01)00334-9. 

Finney, M. A. (1998). FARSITE: Fire area simulator-model development and evaluation. Ogden: 
U.S. Department of Agriculture, Forest Service, Rocky Mountain Research Station, (p. 47). 

Finney, M. A. (2006). An overview of FlamMap fire modeling capabilities. In P. L. Andrews, & B. W. 
Butler (Eds.), Fuels management-How to measure success: Conference proceedings, Proceedings 
RMRS-P-41 (pp. 213-220). Portland: U.S. Department of Agriculture, Forest Service, Rocky 
Mountain Research Station. 

Flannigan, M., Stocks, B., Turetsky, M., et al. (2009). Impacts of climate change on fire activity 
and fire management in the circumboreal forest. Global Change Biology, 15, 549—560. https:// 
doi.org/10.1111/j.1365-2486.2008.01660.x. 

Gardiner, B., Peltola, H., Kellomáki, S. (2000). Comparison of two models for predicting the critical 
wind speeds required to damage coniferous trees. Ecological Modelling, 129, 1—23. https://doi. 
org/10.1016/S0304-3800(00)00220-9. 

Gardiner, B., Byrne, K., Hale, S., et al. (2008). A review of mechanistic modelling of wind damage 
risk to forests. Forestry, 81(3), 447—463. https://doi.org/10.1093/forestry/cpn022. 

Gardiner, B., Blennow, K., Carnus, J. M., et al. (2010). Destructive storms in European forests: 
Past and forthcoming impacts. Final report to European Commission DG Environment (p. 138). 
EFIATLANTIC. Joensuu: European Forest Institute. 

Gardner, R. H., Romme, W. H., & Turner, M. G. (1999). Predicting forest fire effects at landscape 
scales. Spatial modeling of forest landscape change: approaches and applications. Cambridge: 
Cambridge University Press. 

Gauthier, S., Bernier, P., Kuuluvainen, T., et al. (2015). Boreal forest health and global change. 
Science, 349, 819—822. https://doi.org/10.1126/science.aaa9092. 

Gregow, H., Peltola, H., Laapas, M., et al. (2011). Combined occurrence of wind, snow loading 
and soil frost with implications for risks to forestry in Finland under the current and changing 
climatic conditions. Silva Fennica, 45, 35—54. https://doi.org/10.14214/sf.30. 

Grimm, V., & Railsback, S. F. (2006). Agent-based models in ecology: Patterns and alterna- 
tive theories of adaptive behaviour. In F. C. Billari, T. Fent, A. Prskawetz, & J. Scheffran 
(Eds.), Agent-based computational modelling: Applications in demography, social, economic 
and environmental sciences (pp. 139—152). Physica-Verlag HD. 

Grimm, V., Revilla, E., Berger, U., et al. (2005). Pattern-oriented modeling of agent-based complex 
systems: Lessons from ecology. Science, 310, 987-991. https://doi.org/10.1126/science.1116681. 

Gustafson, E. J., Shvidenko, A. Z., & Scheller, R. M. (2011). Effectiveness of forest management 
strategies to mitigate effects of global change in south-central Siberia. Canadian Journal of Forest 
Research, 41, 1405-1421. https://doi.org/10.1139/x11-065. 

Hansen, M. C., Potapov, P. V., Moore, R., et al. (2013). High-resolution global maps of 21st-century 
forest cover change. Science, 342, 850—853. https://doi.org/10.1126/science.1244693. 

Hargrove, W. W., Gardner, R., Turner, M., et al. (2000). Simulating fire patterns in heterogeneous 
landscapes. Ecological Modelling, 135, 243—263. https://doi.org/10.1016/S0304-3800(00)003 
68-9. 

He, H. S., & Mladenoff, D. J. (1999). Spatially explicit and stochastic simulation of forest- 
landscape fire disturbance and succession. Ecology, 80, 81—99. https://doi.org/10.1890/0012- 
9658(1999)080[008 1:SEASSO]2.0.CO;2. 

He, H. S., Mladenoff, D. J., & Boeder, J. (1999). An object-oriented forest landscape model and its 
representation of tree species. Ecological Modelling, 119, 1-19. https://doi.org/10.1016/S0304- 
3800(99)0004 1-1. 

Hewitt, R. E., Bennett, A. P., Breen, A. L., et al. (2016). Getting to the root of the matter: Landscape 
implications of plant-fungal interactions for tree migration in Alaska. Landscape Ecology, 31, 
895-911. https://doi.org/10.1007/s10980-015-0306-1. 


24 Modeling Natural Disturbances in Boreal Forests 607 


Hof, A. R., & Svahlin, A. (2016). The potential effect of climate change on the geographical 
distribution of insect pest species in the Swedish boreal forest. Scandinavian Journal of Forest 
Research, 31(1), 29—39. https://doi.org/10.1080/02827581.2015.1052751. 

Honkaniemi, J., Lehtonen, M., Väisänen, H., et al. (2017). Effects of wood decay by Heterobasidion 
annosum on vulnerability of Norway spruce stands to wind damage: A mechanistic modelling 
approach. Canadian Journal of Forest Research, 47, 111—187. https://doi.org/10.1139/cjfr-2016- 
0505. 

Honkaniemi, J., Ojansuu, R., Kasanen, R., et al. (2018). Interaction of disturbance agents on 
Norway spruce: A mechanistic model of bark beetle dynamics integrated in simulation frame- 
work WINDROT. Ecological Modelling, 388, 45-60. https://doi.org/10.1016/j.ecolmodel.2018. 
09.014. 

Honkaniemi, J., Rammer, W., & Seidl, R. (2021). From mycelia to mastodons—A general approach 
for simulating biotic disturbances in forest ecosystems. Environmental Modelling & Software, 
138, 104977. https://doi.org/10.1016/j.envsoft.2021.104977. 

Huang, J., Kautz, M., Trowbridge, A. M., et al. (2020). Tree defence and bark beetles in a drying 
world: Carbon partitioning, functioning and modelling. New Phytologist, 225, 26—36. https://doi. 
org/10.1111/nph.16173. 

Intergovernmental Panel on Climate Change (IPCC) (Ed.). (2013). Climate change 2013: The 
physical science basis. Contribution of Working Group I to the fifth assessment report of the 
Intergovernmental Panel on Climate Change (p. 1535). Cambridge and New York: Cambridge 
University Press. 

Jalkanen, A. (2001). The probability of moose damage at the stand level in southern Finland. Silva 
Fennica, 35(2), 593. https://doi.org/10.14214/sf.593. 

Jalkanen, A., & Mattila, U. (2000). Logistic regression models for wind and snow damage in 
northern Finland based on the National Forest Inventory data. Forest Ecology and Management, 
135, 315—330. https://doi.org/10.1016/S0378-1127(00)00289-9. 

James, P. M., Fortin, M. J., Fall, A., et al. (2007). The effects of spatial legacies following shifting 
management practices and fire on boreal forest age structure. Ecosystems, 10, 1261-1277. https:// 
doi.org/10.1007/s 1002 1-007-9095-y. 

James, P. M. A., Fortin, M. J., Sturtevant, B. R., et al. (2011). Modelling spatial interactions among 
fire, spruce budworm, and logging in the boreal forest. Ecosystems, 14, 60-75. https://doi.org/10. 
1007/510021-010-9395-5. 

Johnson, E. A. (1996). Fire and vegetation dynamics: Studies from the North American boreal 
forest. Cambridge University Press. 

Johnstone, J. F., Hollingsworth, T. N., Chapin III, F. S., et al. (2010). Changes in fire regime break 
the legacy lock on successional trajectories in Alaskan boreal forest. Global Change Biology, 16, 
1281-1295. https://doi.org/10.1111/j.1365-2486.2009.02051 x. 

Johnstone, J. F., Rupp, T. S., Olson, M., et al. (2011). Modeling impacts of fire severity on succes- 
sional trajectories and future fire behavior in Alaskan boreal forests. Landscape Ecology, 26, 
487—500. https://doi.org/10.1007/s10980-011-9574-6. 

Jónsson, A. M., Schroeder, L. M., Lagergren, F., et al. (2012). Guess the impact of Ips typographus— 
An ecosystem modelling approach for simulating spruce bark beetle outbreaks. Agricultural and 
Forest Meteorology, 166—167, 188—200. https://doi.org/10.1016/j.agrformet.2012.07.012. 

Kasischke, E., Verbyla, D. L., Rupp, T. S., et al. (2010). Alaska's changing fire regime—implications 
for the vulnerability of its boreal forests. Canadian Journal of Forest Research, 40, 1313-1324. 
https://doi.org/10.1139/X10-098. 

Kautz, M., Anthoni, P., Meddens, A. J. H., et al. (2018). Simulating the recent impacts of multiple 
biotic disturbances on forest carbon cycling across the United States. Global Change Biology, 
24, 2079-2092. https://doi.org/10.1111/gcb.13974. 

Keane, R. E., Morgan, P., & Running, S. W. (1996). Fire-BGC: A mechanistic ecological process 
model for simulating fire succession on coniferous forest landscapes of the northern Rocky 
Mountains. PB-96-158357/XAB; FSRP/INT-484, TRN: 61211352. Ogden: US Forest Service, 
Intermountain Research Station. 


608 R. Seidl et al. 


Keane, R. E., Cary, G. J., Davies, I. D., et al. (2004). A classification of landscape fire succession 
models: Spatial simulations of fire and vegetation dynamics. Ecological Modelling, 179, 3-27. 
https://doi.org/10.1016/j.ecolmodel.2004.03.015. 

Keane, R. E., Holsinger, L. M., & Pratt, S. D. (2006). Simulating historical landscape dynamics 
using the landscape fire succession model LANDSUM version 4.0. General Technical Report 
RMRS-GTR-171 (p. 73). Fort Collins: U.S. Department of Agriculture, Forest Service, Rocky 
Mountain Research Station. 

Keane, R. E., Holsinger, L. M., Parsons, R. A., et al. (2008). Climate change effects on historical 
range and variability of two large landscapes in western Montana, USA. Forest Ecology and 
Management, 254, 375—389. https://doi.org/10.1016/j.foreco.2007.08.013. 

Keane, R. E., Loehman, R. A., Holsinger, L. M. (2011). The FireBGCv2 landscape fire and succes- 
sion model: a research simulation platform for exploring fire and vegetation dynamics. General 
Technical Report RMRS-GTR-255 (p. 137). Fort Collins: U.S. Department of Agriculture, Forest 
Service, Rocky Mountain Research Station. 

Keane, R. E., McKenzie, D., Falk, D. A., et al. (2015). Representing climate, disturbance, and 
vegetation interactions in landscape models. Ecological Modelling, 309—310, 33-47. https://doi. 
org/10.1016/j.ecolmodel.2015.04.009. 

Kennedy, M. C., & McKenzie, D. (2010). Using a stochastic model and cross-scale analysis to 
evaluate controls on historical low-severity fire regimes. Landscape Ecology, 25, 1561-1573. 
https://doi.org/10.1007/s10980-010-9527-5. 

Kharuk, V. I., Ranson, K. J., & Fedotova, E. V. (2007). Spatial pattern of Siberian silkmoth outbreak 
and taiga mortality. Scandinavian Journal of Forest Research, 22, 531—536. https://doi.org/10. 
1080/02827580701763656. 

Kilpeläinen, A., Gregow, H., Strandman, H., et al. (2010). Impacts of climate change on the risk of 
snow-induced forest damage in Finland. Climatic Change, 99, 193—209. https://doi.org/10.1007/ 
$10584-009-9655-6. 

Klenner, W., Kurz, W., & Beukema, S. (2000). Habitat patterns in forested landscapes: Management 
practices and the uncertainty associated with natural disturbances. Computers and Electronics in 
Agriculture, 27, 243—262. https://doi.org/10.1016/S0168-1699(00)00110-1. 

Korpela, K., Delgado, M., Henttonen, H., et al. (2013). Nonlinear effects of climate on boreal 
rodent dynamics: Mild winters do not negate high-amplitude cycles. Global Change Biology, 19, 
697-710. https://doi.org/10.1111/gcb.12099. 

Kurz, W. A., Beukema, S. J., Klenner, W., et al. (2000). TELSA: The tool for exploratory landscape 
scenario analyses. Computers and Electronics in Agriculture, 27, 227-242. https://doi.org/10. 
1016/S0168-1699(00)00109-S. 

Kuuluvainen, T., & Aakala, T. (2011). Natural forest dynamics in boreal Fennoscandia: A review 
and classification. Silva Fennica, 45, 823-841. https://doi.org/10.14214/sf.73. 

Lindroth, A., Lagergren, F., Grelle, A., et al. (2009). Storms can cause Europe-wide reduction in 
forest carbon sink. Global Change Biology, 15, 346—355. https://doi.org/10.1111/).1365-2486. 
2008.01719.x. 

Lucash, M., Scheller, R. M., Sturtevant, B. R., et al. (2018). More than the sum of its parts: How 
disturbance interactions shape forest dynamics under climate change. Ecosphere, 9, e02293. 
https://doi.org/10.1002/ecs2.2293. 

Lustig, A., Worner, S. P., Pitt, J. P. W., et al. (2017). A modeling framework for the establishment and 
spread of invasive species in heterogeneous environments. Ecology and Evolution, 7, 8338-8348. 
https://doi.org/10.1002/ece3.2915. 

Magnussen, S., Boudewyn, P. A., & Alfaro, R. I. (2004). Spatial prediction of the onset of spruce 
budworm defoliation. The Forestry Chronicle, 80(4), 485—494. https://doi.org/10.5558/tfc804 
85-4. 

Maingi, J. K., & Henry, M. C. (2007). Factors influencing wildfire occurrence and distribution in 
eastern Kentucky, USA. International Journal of Wildland Fire, 16, 23-33. https://doi.org/10. 
1071/WF06007. 


24 Modeling Natural Disturbances in Boreal Forests 609 


Malmstróm, C. M., & Raffa, K. F. (2000). Biotic disturbance agents in the boreal forest: Consider- 
ations for vegetation change models. Global Change Biology, 6, 35—48. https://doi.org/10.1046/ 
j.1365-2486.2000.06012.x. 

Marchal, J., Cumming, S. G., & McIntire, E. J. B. (2020). Turning down the heat: Vegetation 
feedbacks limit fire regime responses to global warming. Ecosystems, 23, 204—216. https://doi. 
org/10.1007/s 10021-019-00398-2. 

McKenzie, D., & Kennedy, M. C. (2012). Power laws reveal phase transitions in landscape controls 
of fire regimes. Nature Communications, 3, 726. https://doi.org/10.1038/ncomms 1731. 

McKenzie, D., & Perera, A. H. (2015). Modeling wildfire regimes in forest landscapes: Abstracting 
a complex reality. In A. H. Perera, B. R. Sturtevant, & L. J. Buse (Eds.), Simulation modeling of 
forest landscape disturbances (pp. 73-92). Springer International Publishing. 

Melin, M., Matala, J., Mehtätalo, L., et al. (2014). Moose (Alces alces) reacts to high summer 
temperatures by utilizing thermal shelters in boreal forests—an analysis based on airborne laser 
scanning of the canopy structure at moose locations. Global Change Biology, 20, 1115-1125. 
https://doi.org/10.1111/gcb.12405. 

Mell, W., Jenkins, M. A., Gould, J., et al. (2007). A physics-based approach to modelling grassland 
fires. International Journal of Wildland Fire, 16, 1-22. https://doi.org/10.1071/WF06002. 

Natural Resources Canada. (2020). Canadian national fire database (CNFDB). https://cwfis.cfs. 
nrcan.gc.ca/ha/nfdb. Accessed July 19, 2020. 

Navarro, L., Morin, H., Bergeron, Y., et al. (2018). Changes in spatiotemporal patterns of 20th 
century spruce budworm outbreaks in eastern Canadian boreal forests. Frontiers in Plant Science, 
9, 1905. https://doi.org/10.3389/fpls.2018.01905. 

Nicoll, B., Gardiner, B., Rayner, B., et al. (2006). Anchorage of coniferous trees in relation to 
species, soil type, and rooting depth. Canadian Journal of Forest Research, 36, 1871—1883. 
https://doi.org/10.1139/x06-072. 

Norros, V., Rannik, U., Hussein, T., et al. (2014). Do small spores disperse further than large spores? 
Ecology, 95, 1612-1621. https://doi.org/10.1890/13-0877.1. 

Økland, B., Flø, D., Schroeder, M., et al. (2019). Range expansion of the small spruce bark beetle Ips 
amitinus: A newcomer in northern Europe. Agricultural and Forest Entomology, 21(3), 286—298. 
https://doi.org/10.1111/afe.12331. 

Peltola, H., Kellomäki, S., Väisänen, H., et al. (19992). A mechanistic model for assessing the risk 
of wind and snow damage to single trees and stands of scots pine, Norway spruce, and birch. 
Canadian Journal of Forest Research, 29, 647-661. https://doi.org/10.1139/x99-029. 

Peltola, H., Kellomäki, S., & Väisänen, H. (1999b). Model computations of the impact of climatic 
change on the windthrow risk of trees. Climatic Change, 41, 17—36. https://doi.org/10.1023/A: 
1005399822319. 

Perera, A., Ouellette, M., Cui, W., et al. (2008). BFOLDS 1.0: a spatial simulation model for 
exploring large scale fire regimes and succession in boreal forest landscapes. Forest Research 
Report 152 (p. 50). Sault Ste Marie: Ontario Ministry of Natural Resources, Ontario Forest 
Research Institute. 

Perera, A., Yemshanov, D., Schnekenburger, F., et al. (2002). Boreal FOrest Landscape Dynamics 
Simulator (BFOLDS): a grid-based spatially stochastic model for predicting crown fire regime 
and forest cover transition. Forest Research Information Paper 155. Sault Ste Marie: Ontario 
Ministry of Natural Resources. 

Perera, A. H., Sturtevant, B. R., & Buse, L. J. (Eds.). (2015). Simulation modelling forest landscape 
disturbances. Springer International Publishing. 

Peterson, G. D. (2002). Contagious disturbance, ecological memory, and the emergence of landscape 
pattern. Ecosystems, 5, 329—338. https://doi.org/10.1007/s10021-001-0077-1. 

Powell, J. A., & Bentz, B. J. (2014). Phenology and density-dependent dispersal predict patterns of 
mountain pine beetle (Dendroctonus ponderosae) impact. Ecological Modelling, 273, 173-185. 
https://doi.org/10.1016/j.ecolmodel.2013.10.034. 


610 R. Seidl et al. 


Prestemon, J. P., Hawbaker, T. J., Bowden, M., et al. (2013). Wildfire ignitions: A review of the 
science and recommendations for empirical modeling. General Technical Report SRS-GTR-171 
(p. 20). Asheville: U.S. Department of Agriculture, Forest Service, Southern Research Station. 

Pukkala, T., Móykkynen, T., & Robinet, C. (2014). Comparison of the potential spread of pinewood 
nematode (Bursaphelenchus xylophilus) in Finland and Iberia simulated with a cellular automaton 
model. Forest Pathology, 44, 341—352. https://doi.org/10.1111/efp.12105. 

Rammer, W., & Seidl, R. (2019). Harnessing deep learning in ecology: An example predicting bark 
beetle outbreaks. Frontiers in Plant Science, 10, 1327. https://doi.org/10.3389/fpls.2019.01327. 

Régniére, J., & You, M. (1991). A simulation model of spruce budworm (Lepidoptera: Tortricidae) 
feeding on balsam fir and white spruce. Ecological Modelling, 54, 277-297. https://doi.org/10. 
1016/0304-3800(91)90080-K. 

Ruel, J. C., Pin, D., Spacek, L., et al. (1997). The estimation of wind exposure for windthrow 
hazard rating: Comparison between Strongblow, MC2, Topex and a wind tunnel study. Forestry, 
70, 253—266. https://doi.org/10.1093/forestry/70.3.253. 

Rupp, T. S., Chapin, F. S., & Starfield, A. M. (20002). Response of subarctic vegetation to transient 
climatic change on the Seward Peninsula in north-west Alaska. Global Change Biology, 6, 541— 
555. https://doi.org/10.1046/j.1365-2486.2000.00337.x. 

Rupp, T. S., Starfield, A. M., & Chapin III, F. S. (2000b). A frame-based spatially explicit model 
of subarctic vegetation response to climatic change: Comparison with a point model. Landscape 
Ecology, 15, 383-400. https://doi.org/10.1023/A:1008168418778. 

Rupp, T. S., Chapin, F. S., & Starfield, A. M. (2001). Modeling the influence of topographic barriers 
on treeline advance at the forest-tundra ecotone in northwestern Alaska. Climatic Change, 48, 
399-416. https://doi.org/10.1023/A:1010738502596. 

Santini, A., Ghelardini, L., De Pace, C., et al. (2013). Biogeographical patterns and determinants 
of invasion by forest pathogens in Europe. New Phytologist, 197(1), 238-250. https://doi.org/10. 
1111/j.1469-8137.2012.04364.x. 

Schelhaas, M. J., Kramer, K., Peltola, H., et al. (2007). Introducing tree interactions in wind 
damage simulation. Ecological Modelling, 207, 197—209. https://doi.org/10.1016/j.ecolmodel. 
2007.04.025. 

Scheller, R. M., Domingo, J. B., Sturtevant, B. R., etal. (2007). Design, development, and application 
of LANDIS-II, a spatial landscape simulation model with flexible temporal and spatial resolution. 
Ecological Modelling, 201, 409—419. https://doi.org/10.1016/j.ecolmodel.2006. 10.009. 

Scheller, R., Kretchun, A., Hawbaker, T. J., et al. (2019). A landscape model of variable social- 
ecological fire regimes. Ecological Modelling, 401, 85—93. https://doi.org/10.1016/j.ecolmodel. 
2019.03.022. 

Seebens, H., Blackburn, T. M., Dyer, E. E., et al. (2017). No saturation in the accumulation of 
alien species worldwide. Nature Communications, 8(1), 14435. https://doi.org/10.1038/ncomms 
14435. 

Seidl, R., & Rammer, W. (2017). Climate change amplifies the interactions between wind and bark 
beetle disturbances in forest landscapes. Landscape Ecology, 32, 1485-1498. https://doi.org/10. 
1007/510980-016-0396-4. 

Seidl, R., Fernandes, P. M., Fonseca, T. F., et al. (2011). Modelling natural disturbances in forest 
ecosystems: A review. Ecological Modelling, 222, 903—924. https://doi.org/10.1016/j.ecolmodel. 
2010.09.040. 

Seidl, R., Rammer, W., Scheller, R. M., et al. (2012). An individual-based process model to simulate 
landscape-scale forest ecosystem dynamics. Ecological Modelling, 231, 87—100. https://doi.org/ 
10.1016/j.ecolmodel.2012.02.015. 

Seidl, R., Rammer, W., & Blennow, K. (2014). Simulating wind disturbance impacts on forest 
landscapes: Tree-level heterogeneity matters. Environmental Modelling & Software, 51, 1-11. 
https://doi.org/10.1016/j.envsoft.2013.09.018. 

Seidl, R., Thom, D., Kautz, M., et al. (2017). Forest disturbances under climate change. Nature 
Climate Change, 7, 395—402. https://doi.org/10.1038/nclimate3303. 


24 Modeling Natural Disturbances in Boreal Forests 611 


Seidl, R., Honkaniemi, J., Aakala, T., et al. (2020). Globally consistent climate sensitivity of natural 
disturbances across boreal and temperate forest ecosystems. Ecography, 43(7), 967-978. https:// 
doi.org/10.1111/ecog.04995. 

Senf, C., & Seidl, R. (2021). Mapping the forest disturbance regimes of Europe. Nature 
Sustainability, 4(1), 63—70. https://doi.org/10.1038/s41893-020-00609-y. 

Shaw, T. A., Baldwin, M., Barnes, E. A., et al. (2016). Storm track processes and the opposing 
influences of climate change. Nature Geoscience, 9, 656—664. https://doi.org/10.1038/ngeo2783. 

Shifley, S. R., He, H. H., Lischke, H., et al. (2017). The past and future of modeling forest dynamics: 
From growth and yield curves to forest landscape models. Landscape Ecology, 32, 1307-1325. 
https://doi.org/10.1007/s10980-017-0540-9. 

Short, K. C. (2017). Spatial wildfire occurrence data for the United States, 1992-2015 
[FPA FOD 20170508] (4th ed.). Fort Collins: U.S. Department of Agriculture, Forest Service, 
Rocky Mountain Research Station. https://doi.org/10.2737/RDS-2013-0009.4. 

Sturtevant, B. R., Gustafson, E. J., Li, W., et al. (2004). Modeling biological disturbances in 
LANDIS: A module description and demonstration using spruce budworm. Ecological Modelling, 
180, 153-174. https://doi.org/10.1016/j.ecolmodel.2004.01.021. 

Sturtevant, B. R., Achtemeier, G. L., Charney, J. J., et al. (2013). Long-distance dispersal of spruce 
budworm (Choristoneura fumiferana Clemens) in Minnesota (USA) and Ontario (Canada) via 
the atmospheric pathway. Agricultural and Forest Meteorology, 168, 186—200. https://doi.org/10. 
1016/j.agrformet.2012.09.008. 

Suárez, J., Gardiner, B. A., & Quine, C. P. (1999). A comparison of three methods for predicting 
wind speeds in complex forested terrain. Meteorological Applications, 6, 329—342. https://doi. 
org/10.1017/S1350482799001267. 

Talkkari, A., Peltola, H., Kellomaki, S., et al. (2000). Integration of component models from the 
tree, stand and regional levels to assess the risk of wind damage at forest margins. Forest Ecology 
and Management, 135, 303-313. https://doi.org/10.1016/S0378-1127(00)00288-7. 

Thom, D., & Seidl, R. (2016). Natural disturbance impacts on ecosystem services and biodiversity 
in temperate and boreal forests. Biological Reviews, 91, 760—781. https://doi.org/10.1111/brv. 
12193. 

Urban, D. L. (2005). Modeling ecological processes across scales. Ecology, 86, 1996-2006. https:// 
doi.org/10.1890/04-0918. 

Valinger, E., & Fridman, J. (2011). Factors affecting the probability of windthrow at stand level 
as a result of Gudrun winter storm in southern Sweden. Forest Ecology and Management, 262, 
398—403. https://doi.org/10.1016/j.foreco.2011.04.004. 

Vanhanen, H., Veteli, T., Páivinen, S., et al. (2007). Climate change and range shifts in two insect 
defoliators: Gypsy moth and nun moth—a model study. Silva Fennica, 41(4), 469. https://doi. 
org/10.14214/sf.469. 

Wang, W. J., He, H. S., Fraser, J. S., et al. (2014). LANDIS PRO: A landscape model that predicts 
forest composition and structure changes at regional scales. Ecography, 37, 225—229. https://doi. 
org/10.1111/j.1600-0587.2013.00495 x. 

Weed, A. S., Ayres, M. P., & Hicke, J. A. (2013). Consequences of climate change for biotic 
disturbances in North American forests. Ecological Monographs, 83(4), 441—470. https://doi. 
org/10.1890/13-0160.1. 

Xiao, J., Liang, Y., He, H. S., et al. (2017). The formulations of site-scale processes affect 
landscape-scale forest change predictions: A comparison between LANDIS PRO and LANDIS- 
II forest landscape models. Landscape Ecology, 32, 1347—1363. https://doi.org/10.1007/s10980- 
016-0442-2. 

Zeng, H., Peltola, H., Talkkari, A., et al. (2006). Simulations of the influence of clear-cutting on 
the risk of wind damage on a regional scale over a 20-year period. Canadian Journal of Forest 
Research, 36, 2247-2258. https://doi.org/10.1139/x06-123. 

Zeng, H., Peltola, H., Väisänen, H., et al. (2009). The effects of fragmentation on the susceptibility 
of a boreal forest ecosystem to wind damage. Forest Ecology and Management, 257, 1165-1173. 
https://doi.org/10.1016/j.foreco.2008.12.003. 


612 R. Seidl et al. 


Open Access This chapter is licensed under the terms of the Creative Commons Attribution 4.0 
International License (http://creativecommons.org/licenses/by/4.0/), which permits use, sharing, 
adaptation, distribution and reproduction in any medium or format, as long as you give appropriate 
credit to the original author(s) and the source, provide a link to the Creative Commons license and 
indicate if changes were made. 

The images or other third party material in this chapter are included in the chapter's Creative 
Commons license, unless indicated otherwise in a credit line to the material. If material is not 
included in the chapter's Creative Commons license and your intended use is not permitted by 
statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. 


Chapter 25 A) 
Modeling the Impacts of Climate Change |as 
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Abstract With the increasing effects of climate change, a rapid development 
of effective approaches and tools are needed to maintain forest biodiversity and 
ecosystem functions. The response, or lack thereof, of forest managers to climate 
change and its impacts on ecosystem services will have broad ramifications. Here 
we give an overview of approaches used to predict impacts of climate change and 
management scenarios for a range of ecosystem services provided by the boreal 
forest, including timber supply, carbon sequestration, bioenergy provision, and 
habitat for wildlife and biodiversity. We provide examples of research in the field 
and summarize the outstanding challenges. 
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25.1 Introduction 


Climate change and intensive forestry are important drivers of altered forest dynamics 
and related changes in the provision of ecosystem services in boreal forests. As 
defined by the Millennium Ecosystem Assessment (2005), 


Ecosystem services are the benefits people obtain from ecosystems. These include provi- 
sioning services such as food and water; regulating services such as regulation of floods, 
drought, land degradation, and disease; supporting services such as soil formation and 
nutrient cycling; and cultural services such as recreational, spiritual, religious, and other 
nonmaterial benefits. 


Boreal forests provide a large variety of ecosystem services. These include timber, 
food, bioenergy, carbon sequestration, habitat for wildlife, water regulation, as well 
as recreational, spiritual, and religious experiences (Fig. 25.1; Shvidenko et al., 
2005). As discussed in the earlier chapters of this book, climate change will not 
only affect the distribution of tree species but will likely affect disturbances, such 
as the frequency of forest fires, the importance of windthrow, and the severity of 
insect infestations (Chaps. 3 and 4). These effects will, in turn, disrupt ecosystem 
services provided by the forest. Much evidence exists that the boreal forest has already 
responded to climatic changes. Soja et al. (2007) reviewed observed shifts in tree line 
in Siberia, decreased growth of white spruce (Picea glauca), increases in extreme 
fire years in Siberia, Alaska, and Canada, and multiyear outbreaks of the spruce 
beetle (Dendroctonus rufipennis) in Alaska. Since this review, much more evidence 
has emerged (see Brecka et al., 2018). Outbreaks of mountain pine beetle (Dendroc- 
tonus ponderosae) have occurred in large parts of Canada since the 1990s, affecting 
more than 18 million ha of forest (NRC, 2020). Extreme fire events and severe 
outbreaks of insect pests that alter entire ecosystems are expected to become even 
more common in the future (Safranyik et al., 2010; Stocks et al., 1998; Wolken et al., 
2011). Trees will therefore experience increased stress levels (Rebetez & Dobbertin, 
2004; Schlyter et al., 2006), likely enhancing their sensitivity to damage (Schlyter 
et al., 2006). Such events can have devastating impacts on forest ecosystem services 
through tree mortality and subsequent economic losses, reduced wildlife habitat, and 
decreased carbon storage capacity (Chan-McLeod, 2006; Kurz et al., 2008; Nealis & 
Peter, 2008). 

Although the risk of natural disturbances in forests may increase, management 
practices will alter the extent of the damage (Schlyter et al., 2006). The effect of these 
changes is likely to have significant consequences for, among others, the forestry 
sector. There is, therefore, an increasing awareness of the necessity to adapt forest 
management practices to mitigate the adverse effects of climate change (Keenan, 
2015) through increasing the uptake of carbon by vegetation (Lindenmayer et al., 
2012) and reducing storm- and insect-related tree damage (Felton et al., 2016; Imai 
et al., 2009). However, the particular choice of management strategy to use in forest 
ecosystems will have marked consequences on the responses of forest ecosystems 
and, therefore, the range of ecosystem services provided by forests (Imai et al., 2009; 
Schlyter et al., 2006). A solid understanding of how climate change will affect forest 
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Fig. 25.1 Major classes of forestry services as defined by Shvidenko et al. (2005), including 
the ecosystem services discussed in this chapter (red circles). Modified from Fig. 21.6 in Shvi- 
denko et al. (2005). Chapter 21 Forest and woodland systems. Ecosystems and Human Well-Being: 
Current States & Trends by the Millennium Ecosystem Assessment. Copyright O 2005 Millennium 
Ecosystem Assessment. Reproduced by permission of Island Press, Washington, DC 


dynamics is therefore required if we want to safeguard the ecosystem services offered 
by boreal forests. 

Forest landscape models and decision-support systems can assess the effects of 
future climate change, shifts in disturbances and management practices, and the 
establishment of new floral and faunal species within boreal forest ecosystems 
(Borges et al., 2014). The extensive range of relevant economic, ecological, and 
social aspects incorporated within long-term forest management planning can be 
overwhelming for decision-makers; therefore, multiple forest landscape models and 
forest decision-support systems have been developed globally over the last decades 
(Borges et al., 2014; Xi etal., 2009). A forest landscape model simulates the survival, 
growth, and mortality of trees (or stands of trees) over time at relatively large spatial 
scales (He, 2008). There are many different forest landscape models. In the 1970s, 
forest gap models were developed to simulate the within-site survival, growth, and 
mortality of individual trees. An example of such a model is JABOWA (Botkin 
et al., 1972). A couple of decades later, gap models were developed to assess the 
(long-term) impacts of climate change on forests; examples of such models include 
LINKAGES (Post & Pastor, 1996) and ZELIG (Miller & Urban, 1999). Since the 
early 1990s, many forest landscape models have been developed to simulate forest 
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ecosystems at larger scales. These models include LANDIS (He et al., 1999), which 
then served as the basis for other, more recent models, such as LANDIS-II (Scheller 
et al., 2007) and FIN-LANDIS (Pennanen & Kuuluvainen, 2002). Moreover, many 
extensions able to be coupled to these models have been built to simulate additional 
processes, such as the impacts on carbon pools (Forest Carbon Succession Exten- 
sion v.2.0 ForCS, Dymond et al., 2016) and impacts of ungulate browsing (Browsing 
extension, De Jager et al., 2017). Xi et al. (2009) provide an overview of many of 
the earlier forest landscape models. 

A decision-support system is a model-based software system that combines a 
knowledge system consisting of forest data, models (e.g., a forest landscape model 
that simulates tree survival, growth, and mortality), and methods (e.g., statistical 
computations or optimization solvers) with a problem-processing system to calcu- 
late the outcome of management scenarios. The entire decision process becomes 
reproducible and rational through this decision-support system. An example is the 
Swedish Heureka program, which can handle simulations of forest management 
practices, timber production, carbon sequestration, bioenergy, biodiversity, recre- 
ation, and economic values (Wikstróm et al., 2011). Orazio et al. (2017) provide an 
overview of many decision-support systems used in Europe. Nordstróm et al. (2019) 
reviewed the capacity of nine European forest decision-support systems to cope with 
impacts of climate change for a variety of ecosystem services. 

The required information for forest landscape models and forest decision-support 
systems generally includes detailed information on the initial conditions of the study 
site (e.g., biomass and age composition of the dominant tree species) as well as such 
parameters as tree species' longevity, seed dispersal, shade and fire tolerance, vege- 
tative reproduction probability, minimum sprout age, and growth rates. Furthermore, 
detailed information regarding the environmental conditions, such as precipitation, 
temperature regimes, and soil properties, are often required. Additional information 
may be sought, depending on the study aims. Such information generally requires 
the availability of detailed forest survey data or extensive fieldwork, and a lack of 
this vital information can therefore hamper the reliability of outcomes. 

Multiple studies have relied on forest landscape models or decision-support 
systems to evaluate the consequences of forestry practices on ecosystem services, as 
it is generally not possible to examine the various effects of different management 
strategies on the forest using field studies. Such studies are generally focused on stem- 
wood production rather than other ecosystem services, such as bioenergy harvesting 
or the provision of wildlife habitat (Biber et al., 2015; Eyvindson et al., 2018; Garcia- 
Gonzalo et al., 2015). These studies do, however, provide valuable information on, 
for example, possibilities for increased carbon sequestration (Lucash et al., 2017), 
optimal restoration practices for forests having sustained damage (Xi et al., 2008), 
and wildlife preservation (Hof & Hjältén, 2018). They can thus be used to identify 
best practice management strategies to safeguard high levels of several ecosystem 
services. In this chapter, we provide an overview of the current status and examples 
of studies that use forest landscape models or decision-support systems to assess 
the impacts of climate change and management scenarios on several of the most 
commonly studied ecosystem services provided by the boreal forest: timber supply, 
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Fig. 25.2 Timber transport on the Northern Dvina River in Arkhangelsk, Russian Federation, June 
2010. Photo credit Anouschka Hof 


carbon sequestration, bioenergy provision, and wildlife habitat. We then discuss some 
current challenges (Fig. 25.2). 


25.2 Timber Production 


The past few decades have shown that climate change will likely have a large 
impact on timber production in boreal forests. These impacts will vary according 
to geographic location, the dominant tree species, insect and disease outbreaks, 
and management strategies. The growth rates of boreal forests are limited mainly 
by short growing seasons. Assuming adequate water supplies, increased tempera- 
tures (and carbon dioxide fertilization) may enhance growth and timber volume. 
However, a more prolonged and enhanced growing season alone does not explain all 
the uncertainty in projections of future boreal forests. Indeed, changing temperature 
and precipitation regimes may have both positive and negative effects on future tree 
growth; for example, summer temperatures may heighten tree respiration that will 
result in reduced growth. Alternatively, growth may be enhanced if summer respi- 
ration demands are offset by a longer growing season (because of an earlier spring, 
longer autumn, or both). The effects on timber production are therefore uncertain. 
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Goldblum and Rigg (2005) found, for instance, that whereas commercially valu- 
able sugar maple (Acer saccharum) was predicted to experience an increase in its 
growth rate in the deciduous-boreal forest study site in Ontario, Canada, balsam fir 
(Abies balsamea), another commercially valuable species, was likely to experience 
decreased growth rates. Uncertainties related to how climate will change compound 
this challenge of projecting the future growth of boreal taxa. 

Ultimately, the most significant impacts of climate change on future timber supply 
in the boreal forest may be linked to indirect effects, such as insect outbreaks 
(Safranyik et al., 2010). For example, invasive insects (either currently known or 
unknown from the boreal region) may increase drastically under a warmer climate to 
cause the widespread mortality of a commercially valuable species. This event could 
then lead to extensive salvage harvesting of dead and dying individuals of these 
tree species and overwhelm timber markets. The hemlock woolly adelgid (Adelges 
tsugae), currently kept in check by cold winters, offers an example of an insect pest 
found south of the boreal forest in North America that is moving northward because 
of climate warming and causing the large-scale mortality of eastern hemlock (Tsuga 
canadensis). As another possible scenario, land-use changes driven by economics 
related to global climate change may cause landowners in the boreal forest to abandon 
current silvicultural systems for other land uses or ecosystem services, such as land 
development, agriculture, carbon sequestration, and water protection. 

The need to understand the interacting effects of climate change with insects, 
timber markets, land use, and other disturbances on the timber supply of boreal 
forests makes forest decision-support systems and landscape models able to incor- 
porate multiple interacting drivers well poised to explore multiple scenarios and tease 
apart these drivers. In addition to the general tree species’ parameters and the envi- 
ronmental conditions needed to run such models, parameters related to, for example, 
merchantable age, market prices, and management strategies are commonly required. 
Over the next decade, we expect much research in this area to help explore the uncer- 
tainty in future boreal forest timber supply. Multiple interacting effects currently 
lead to much uncertainty in regard to the outcomes, and current modeling efforts are 
just beginning to address these numerous interactions (Duveneck & Scheller, 2016; 
Dymond et al., 2014; Hof et al., 2021; Orazio et al., 2017). 

Meanwhile, the call to use alternative management strategies is increasing. 
Specific adaptive management strategies have been proposed, including those of 
Spittlehouse and Stewart (2003) and Millar et al. (2007). These strategies include 
(1) shorter rotation times to decrease the period of stand vulnerability or facilitate a 
shift to more climate-suitable species; (2) assisted migration of tree species or prove- 
nances in anticipation of future losses of productivity with existing species/varieties; 
(3) tree species diversification strategies aimed at increasing forest resilience; and 
(4) conservation of corridors to facilitate species migration. However, similar to the 
direct effects of climate change, such strategies may have large impacts on timber 
production and other ecosystems services (Felton et al., 2016; Lindenmayer et al., 
2012; Noss, 2001). Robust predictions for a range of scenarios are therefore required. 
Multiple examples of such studies exist, particularly from Canada and Finland, 
whereby researchers have attempted to predict forest landscape response to climate 
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change and various management strategies, including those proposed above, using 
various forest decision-support systems and landscape models. 

Brecka et al. (2018) reviewed the impacts of climate change on ecological 
processes in established boreal forest stands and the effects on timber supply and 
forestry. They found that climate change has led to a reduced rate of volume accumu- 
lation and, thus, less timber available for harvest (Fig. 25.3). Their review suggests 
that climate change, although spatially variable, has already produced significant 
adverse effects on the timber supply in the boreal forest. Although not necessarily 
expected, Breckaet al. (2018) found that climate change favored pioneer species, such 
as pine (Pinus spp.) and poplar (Populus spp.), over late-successional species, such 
as spruce (Picea spp.) and fir (Abies spp.). Climate-suitable species may have been 
correlated with shade tolerance, thus affecting successional dynamics at the stand 
level. Ultimately, the boreal forest industry may need to adapt silviculture systems 
to incorporate and find markets for climate-adapted species. Incorporating alterna- 
tive tree species more suited to future climate regimes has been proposed (Millar 
et al., 2007) and simulated as an alternative climate change adaptation strategy by 
several studies focused on Siberia (e.g., Nadezda et al., 2006) and North America 
(e.g., Duveneck & Scheller, 2016; Hof et al., 2017). 

In Fennoscandia, almost all forested land is managed, and the boreal forest is domi- 
nated mainly by Norway spruce (Picea abies), Scots pine (Pinus sylvestris), and to a 
smaller extent by birch species (Betula spp.). All these species are heavily exploited 
for producing sawtimber and wood pulp (Esseen et al., 1992). With changing climatic 
conditions, tree species composition is expected to change under baseline forest 
management strategies, with birch and Scots pine increasing at the expense of Norway 
spruce. At the same time, future timber production is expected to increase signif- 
icantly because of the longer growing seasons, thereby increasing growing stock 
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Fig. 25.3 Theoretical interacting effects of climate change and disturbances on boreal timber 
supply. Indirect effects of climate change (dotted lines) may have positive or negative effects on 
timber supply. These effects will vary depending on climate change intensity 
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(Peltola et al., 2010). Garcia-Gonzalo et al. (2007) assessed the impacts of climate 
change and management practices on the timber yield of a 1,450 ha forest manage- 
ment unit in Finland dominated by Scots pine, Norway spruce, and silver birch 
(Betula pendula); they estimated an enhanced growth of 22% to 26% resulting in 
a 12% to 13% increase in timber yield. The greatest yields were obtained when 
a thinning regime with high stocking was used with a 100-year rotation period. 
Subramanian (2016) showed that changing the thinning regime, shortening rotation 
periods, and planting hybrid tree species such as hybrid aspen (Populus tremula x 
P. tremuloides) and hybrid larch (Larix x Eurolepis) could increase future timber 
yields. In northern Minnesota, at the boreal-temperate forest ecotone, Duveneck 
and Scheller (2016) used LANDIS-II coupled to the Biomass-Succession extension 
and found that climate change had a negative effect on simulated aboveground and 
harvested biomass. They explored multiple alternative silviculture systems, including 
expanding reserve areas and changing rotation lengths. However, the climate-suitable 
planting of broadleaf species currently found immediately south of the studied land- 
scape resulted in the greatest increase in harvested and aboveground biomass. In a 
Finnish study using the simulation-optimization software Monsu (Pukkala, 2004), 
Díaz-Yáiiez et al. (2020) simulated five separate management scenarios under climate 
change and found that silviculture systems that used thinning from above were prof- 
itable and provided more additional ecosystem services. However, as outlined here, 
future modeling work will continue to address multiple interacting effects of climate 
change on boreal forest timber supply and other ecosystem services (Fig. 25.4; Hof 
et al., 2021). 


25.3 Carbon Sequestration 


Boreal forests, encompassing approximately 30% of the forested area across the globe 
(Brandt et al., 2013), may play a pivotal role in halting or slowing climate change by 
sequestering carbon (Melillo et al., 1993). As about two-thirds of the boreal forest is 
under some form of management, its current and future resilience and ability to store 
carbon depend mainly on which management strategies are chosen (Gauthier et al., 
2015) and the severity and frequency of natural disturbances. Although forest ecosys- 
tems are often carbon sinks, natural disturbances such as large insect outbreaks, e.g., 
that are currently occurring in Canada, can change a forest ecosystem from a carbon 
sink into a source (Kurz et al., 2008). Altered fire regimes may also have large impacts 
on boreal carbon stocks (Miquelajauregui et al., 20192). As potential disturbances, 
such as insect outbreaks and wildfires, are expected to become increasingly frequent 
with future climate change (Safranyik et al., 2010; Stocks et al., 1998; Wolken et al., 
2011), it is crucial to have a good understanding of carbon cycles in forest ecosys- 
tems. Forest managers and other stakeholders are becoming increasingly aware that 
alternative management practices may need to be applied in forest ecosystems to 
increase carbon uptake by vegetation (Ameray et al., 2021; Fares et al., 2015) or 
reduce emissions caused by natural disturbances (Noss, 2001). However, different 
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Fig. 25.4 Harvested trees, northern Minnesota, USA. The availability of future timber supply from 
boreal forests will depend on many interacting factors. Photo credit Matthew Duveneck 


management practices can have different consequences for the ability of forests 
to sequester carbon; forest management can increase or reduce sinks and emissions 
(Kurz et al., 2008). Furthermore, as mentioned in the previous section, climate change 
effects on growth rates remain uncertain and may increase or decrease the capacity 
of forests to store carbon. 

As it is difficult to assess the impacts of all these environmental changes on the 
capacity of boreal forests to sequester carbon in field studies at large scales, several 
studies have aimed to predict such impacts using forest landscape models or decision- 
support systems. In addition to the general parameters mentioned in Sect. 25.1, such 
models generally require parameters on deadwood matter and tree species decay 
rates under various conditions. 

Several modeling studies have investigated boreal carbon storage under future 
scenarios for European and Asian forests. Ito (2005) developed a coupled carbon 
cycle and fire regime model for the larch (Larix gmelinii and Larix cajanderi)- 
dominated boreal forest of eastern Siberia and found that fire events, which are 
expected to become more frequent in the future (Stocks et al., 1998; Wolken et al., 
2011), released approximately 12% of the carbon fixed by the vegetation and lead to 
an accelerated carbon cycling in the forest. Gustafson et al. (2011) used LANDIS-II 
coupled with Biomass-Succession to predict the effects of climate change in another 
region in Siberia. They assessed climate impacts on timber harvesting and insect 
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outbreaks on a Scots pine-dominated boreal forest landscape in the Chuno-Angarsky 
region. They predicted direct effects of climate change on the forest ecosystem and 
modeled that changes to the forest's ability to hold carbon would be relatively minor 
compared with the effects of (novel) forest management practices and the increased 
risk of insect pest outbreaks. Jiang et al. (2002) used the ecosystem process model 
CENTURY 4.0 to assess the impact of various harvest disturbance regimes on the 
carbon stocks and fluxes of a boreal forest landscape in China. They concluded that 
carbon stocks in their landscape could markedly increase under harvests at 100- 
to 200-year rotations. The FINNFOR model when applied to implemented thinning 
regimes in Finland, which allow a higher stocking of trees relative to current practices 
in the managed boreal forest, indicated that this approach would increase the amount 
of carbon in the forest ecosystem by up to 11% and the timber yield by up to 14%, 
depending on the climate trajectory (Garcia-Gonzalo et al., 2007). Therefore, this 
modeling suggests that carbon sequestration in boreal forest ecosystems may be 
enhanced using certain management regimes without loss of timber production, even 
with future climate change. The land ecosystem model JSBACH and the stand growth 
model PREBAS assessed the impacts of current management practices in Finland 
and future climate change on ecosystem services provided by the boreal forest; the 
models indicated a potential increase in the annual carbon sink of approximately 
40% at the end of the twenty-first century because of increased annual forest growth 
(Holmberg et al., 2019). 

Examples of modeling boreal forest response to climate change in North America 
include that of Lucash et al. (2017). They used LANDIS-II coupled with the Century 
Succession extension to simulate the capacity of various forest management strate- 
gies to maintain or increase forest landscape resilience along the broadleaf—boreal 
transition zone in north-central Minnesota over the next century. They found that 
climate change would lower forest resilience and that a scenario aimed at maximizing 
carbon storage by harvesting 30% less land and increasing rotation length did not 
perform better than their business-as-usual scenario. Forest resilience did increase 
through use of adapted management strategies and the planting of species adapted 
to expected future conditions. In the same forest landscape, Lucash et al. (2018) 
then simulated the effects of fire, insect, wind, and forest management disturbances 
under changing climatic conditions on this forest. They found that whereas changing 
climate was the most important driver of soil carbon—leading to smaller future 
stocks because of increased heterotrophic respiration— simulated future disturbance 
regimes affected aboveground carbon stocks to a greater extent. In Canada, Miquela- 
jauregui et al. (2019b) simulated the response of carbon stocks to climate change in a 
black spruce (Picea mariana)-dominated landscape in northern Québec. They used 
an R software-based simulation model having three interacting modules: patch, fire, 
and carbon dynamics. Their simulations showed that climate change reduces carbon 
storage by 1096 by the end of 2100. 

Results across the boreal forest biome suggest that whereas the capacity of boreal 
forests to store carbon may increase as a result of greater annual forest growth 
related to a changing climate, increases in natural disturbances, i.e., fire and pest 
outbreaks, and the potential augmentation in harvest rates may have significant effects 
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on boreal forest carbon stocks; thus, much of the boreal forest may instead act as 
a carbon source. The increased uncertainty in regard to the direction, severity, and 
frequency of a multitude of natural and anthropogenic disturbances and their effect 
on the capacity of forests to sequester carbon under future warming both heighten the 
complexity of decision-making for forest managers when selecting and implementing 
management strategies. Several studies from across the boreal region (as well as other 
regions) suggest that management strategies aimed at increasing species diversity and 
resilience may effectively reduce the risks of increased greenhouse gas emissions 
(Fig. 25.5; Duveneck & Scheller, 2016; Dymond et al., 2014; Hof et al., 2017). 

Management strategies aimed at increasing species diversity and resilience may 
not be sufficient, however, to fully offset the impacts of climate change and natural 
disturbances and should be tailored to the individual ecosystems to be most effective. 
Ontl et al. (2020) developed a Forest Carbon Management Menu to help managers 
identify forest adaptation strategies beneficial for storing forest carbon by reducing 
climate change-related losses of carbon, sustaining forest health, and enhancing 
productivity. In addition to simulations of how landscapes may respond to climate 
change, such tools can guide decision-makers and help mitigate climate change by 
increasing carbon stocks in the boreal forest through the appropriate selection of 
forest management strategies. 


Fig. 25.5 An increase in species diversity may help boreal forests respond to climate change. Photo 
of the boreal-deciduous transition zone, northern Minnesota. Photo credit Matthew Duveneck 
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25.4 Bioenergy 


From the moment humans discovered fire, our species began using biomass for 
energy; however, bioenergy has gained increasing attention as a more climate-neutral 
energy source relative to fossil fuels in recent years. The share of bioenergy, defined 
as renewable energy from biological sources, is expected to increase and contribute 
to mitigating climate change (IPCC 2014; Creutzig et al., 2015). However, there 
are uncertainties, and several factors affect whether bioenergy use helps or hinders 
climate change mitigation. 

The assumption that bioenergy is carbon neutral is based on biogenic CO» emis- 
sions from the use of harvested biomass eventually being absorbed by biomass 
regrowth through photosynthesis (Ragauskas et al., 2006). If proper management 
is adopted, there is a possibility to ensure that the harvesting and use of bioenergy 
are carbon negative (Lehmann, 2007). Nonetheless, carbon loss from forests used for 
bioenergy is distinctly possible, contradicting its effectiveness in mitigating climate 
change. The mitigation role of forest bioenergy thus depends on case-specific factors, 
such as the biophysical features of the biomass production system and the greenhouse 
gas intensity of the energy source that bioenergy replaces (Cowie et al., 2019). More- 
over, time is an important aspect. Harvesting biomass for bioenergy decreases the 
forest carbon stock—compared with not harvesting for bioenergy. This decrease 
balances out over time by lowering greenhouse gas production by replacing fossil 
fuels. Until this point in time, however, more CO; is released from the bioenergy- 
based system than the fossil fuel system. The length of this carbon payback time 
varies and depends on many factors, including forest characteristics, the type of 
biomass used, the fossil fuel being replaced, and alternative land use; for the boreal 
forest, this payback is likely over several decades (Agostini et al., 2014). 

Despite the uncertainties related to the effect of bioenergy on climate, harvesting 
for bioenergy is expected to increase in the future. As the current outtake is far less 
than its potential because of low demand, increasing prices for biomass feedstock 
will substantially increase the outtake. Woody biomass used for energy can be from 
primary sources available after harvesting operations, such as branches and treetops 
as well as stumps and stems, all produced from operations focused on harvesting 
biomass during early thinning or stems that are downgraded from other assortments 
(Fig. 25.6). Secondary sources include industrial by-products, such as bark, sawdust, 
and shavings, that accumulate during processing operations. Finally, a third source, 
including end-of-life wood products, such as construction and demolition wood, are 
also usable for energy. Extraction of woody biomass has consisted mainly of logging 
residues; however, the share of stumps and roundwood is most likely to increase with 
a greater demand (Díaz- Yáñez et al., 2013). 

Since forestry has such large impacts on other ecosystem services, adding 
residue extraction has only a minimal additional effect (de Jong & Dahlberg, 2017). 
Deadwood-dependent species are adversely affected, whereas the effect on other 
species is not as uniform; some are impacted positively, others negatively. Although 
most ecosystem services are adversely affected by residue extraction (e.g., soil 
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Fig. 25.6 Conventional forwarder loaded with small-diameter trees from a bioenergy thinning 
operation in Bracke, northwestern Sweden, October 2019. Photo credit Raul Fernandez Lacruz 


quality, productivity, and water quality), for recreation and pest—fungi control the 


relationship can be the opposite (Ranius et al., ). 
Most studies investigating the consequences of bioenergy harvesting have focused 
on stand-scale and short-term impacts (Ranius et al., ). The boreal forest manage- 


ment system is slow, with rotation times of up to almost 100 years. Evaluating the 
long-term consequences of harvesting for bioenergy on other ecosystem services 
and any future potential for biomass harvest relies on simulations with forest land- 
scape models or forest decision-support systems (Borges et al., ). Additional 
parameters beyond the general tree-species-specific parameters and environmental 
conditions include biomass pools of all parts of the tree, e.g., branches, foliage, and 
bark. Examples of using such a model or system to evaluate consequences from bioen- 
ergy extraction include that of Repo et al. ( ). They applied the SIMO modeling 
framework, complemented with Yasso07 for soil carbon modeling, to simulate forest 
development over 100 years in Finland, both with and without residue extraction. 
They concluded that biodiversity, especially deadwood-associated species, is threat- 
ened by residue harvest. They also showed that the forest carbon balance is affected. 
The emission savings from bioenergy is reduced because of lower carbon stocks when 
harvesting residues, especially during the first decade post-extraction, supporting the 
carbon payback-time assumption. Furthermore, they conclude that stands having a 
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high biodiversity potential also often have a high potential for producing bioenergy, 
which complicates the trade-off between management strategies. 

In a study in central Sweden, Hof et al. (2018) used LANDIS-II coupled with 
the Forest Carbon Succession Extension to simulate the effects of various bioenergy 
extraction scenarios on deadwood availability and the subsequent habitat suitability 
for saproxylic species. They found that—in their landscape already largely depleted 
of deadwood—even a scenario aimed at species conservation only led to about 10 m? 
deadwood per ha, a low value relative to deadwood volumes in many other parts of 
the boreal region. In a study in northern Sweden, Eggers et al. (2020) evaluated an 
intensive bioenergy harvest strategy, also using small-diameter trees in early thinning, 
and compared this approach with the prevailing strategy where only residues (tops 
and branches) are harvested. The simulations, using Heureka and covering 100 years, 
found a considerable potential to increase bioenergy harvest with the more intensive 
strategy, without substantial adverse effects on biodiversity and carbon storage. There 
was also room for a simultaneous increase in harvest residue extraction, improved 
conditions for biodiversity, and increased carbon stocks relative to current levels; 
however, this scenario requires effective forest management planning that considers 
all critical aspects. 


25.5 Wildlife Habitat and Biodiversity 


In addition to the direct impacts of climate change on species inhabiting forest 
ecosystems, forest management adaptations may affect the wildlife inhabiting boreal 
forests. These effects may be negative (Lindenmayer et al., 2012; Noss, 2001) 
or positive (Imai et al., 2009), and under current forest management practices, 
national environmental objectives to conserve wildlife are not being attained (e.g., 
Swedish Environmental Protection Agency, 2022). Thus far, scenario-based assess- 
ments of the impacts of climate change adaptation strategies on forests have mainly 
targeted ecosystem services limited to carbon uptake and forest productivity, ignoring 
wildlife. A likely reason for this exclusion is that forest landscape models and 
decision-support systems used for scenario-based assessments were initially devel- 
oped to investigate the impacts on timber and pulp production (Borges et al., 2014; 
Xi et al., 2009). Studies investigating the effects of climate change on forest wildlife 
frequently ignore the indirect impacts that climate change may have on the various 
ecological processes within forest landscapes (Keenan, 2015). Instead, modeling 
efforts often rely on species distribution models and decision trees or focus on the 
population viability of targeted species on the basis of their known suitability to 
various environmental conditions. Therefore, such studies ignore the impacts of 
climate change and forest management strategies on important ecological processes 
affecting forest dynamics. 

The modeling community has recently started to integrate wildlife models into 
forest landscape models and decision-support systems to conduct scenario-based 
assessments of wildlife response to climate change adaptation strategies in forests 
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(e.g., He, 2009; Kolstróm & Lumatjärvi, 1999). The required parameters for such 
an exercise, in addition to the general tree-species-specific parameters and environ- 
mental conditions, are heavily dependent on those wildlife species on which studies 
have focused. Deadwood-related parameters are needed when studying the effects 
of climate change and forest management on saproxylic species, and data on under- 
story vegetation is required for modeling climate impacts involving browsers. Several 
efforts have used landscape models to infer habitat suitability for wildlife in the 
boreal forest. For instance, Tremblay et al. (2018) projected the cumulative impacts 
of climate change and forest management strategies in the boreal forest of eastern 
Canada on the Black-backed Woodpecker (Picoides arcticus). They simulated forest 
attributes relevant to this woodpecker using LANDIS-II and PICUS to infer future 
landscape suitability for the species under various climate change scenarios. Trem- 
blay et al. (2018) found that such cumulative impacts produced significant adverse 
effects on the woodpecker and on the biodiversity associated with deadwood and 
old-growth boreal forests. To help mitigate these negative impacts, they suggested 
adaptations to current management practices, including reduced harvesting levels 
and strategies to promote coniferous species. Pearman-Gillman et al. (2020) used 
the land change model Dinamica EGO and several future forest scenarios—devel- 
oped using LANDIS-II in combination with species distribution models—to assess 
how species distributions for nine mammal and one bird species changed under five 
trajectories of modified landscapes in New England in the northeastern United States. 
They predicted that seven of these species would experience regional declines irre- 
spective of the landscape change trajectory. A similar approach was used by Hof 
and Hjältén (2018) in Sweden. They also used LANDIS-II coupled with Biomass- 
Succession to simulate the effects of different levels of restoration on a boreal forest 
landscape in central Sweden and inferred the landscape suitability for the White- 
backed Woodpecker (Dendrocopos leucotos); an umbrella species in the boreal forest 
of Fennoscandia; its protection may serve to preserve a range of species that favor 
high amounts of deadwood and old-growth forest (Fig. 25.7). This study, however, 
did not incorporate the possible impacts of future climate change. De Jager et al. 
(2020) also used LANDIS-II coupled with Biomass-Succession and the PnET-II 
ecophysiology model to simulate how climate change and different wolf (Canis 
lupus) management intensities would affect moose (Alces alces) densities and the 
subsequent impacts on the forests of Isle Royale National Park, Michigan, United 
States. They found that irrespective of predation pressure, browsing by moose under 
projected changes in climate leads to strong declines in total forest biomass. Lager- 
gren and Jónsson (2017) used the biogeochemical ecosystem model LPJ-GUESS to 
study the impact of climate change and alternative management strategies on timber 
production, carbon storage, and biodiversity in one nemoral and two boreal forest 
landscapes in Sweden. Their simulations, using the fraction of broadleaf forest, the 
proportion of old trees, the proportion of old broadleaf trees, and stem litter as proxies 
for biodiversity, demonstrated that increasing the proportion of broadleaf trees, asso- 
ciated with increasing levels of biodiversity, can promote the storm resistance of a 
forest landscape. 
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Fig.25.7 Forest restoration in the boreal forest landscape in Sweden simulated by Hof and 
Hjältén ( )—eliminating coniferous trees and creating deadwood to benefit the White-backed 
Woodpecker in Sweden. Photo credit Anouschka Hof 


Several forest management practices have thus far been applied with the aim 
of mitigating climate change and simultaneously increasing biodiversity in forests. 
Whereas the study by Tremblay et al. ( ) in Canada advocated strategies to 
promote coniferous species to benefit the Black-backed Woodpecker, strategies to 
promote broadleaf species to benefit the White-backed Woodpecker (Hof & Hjältén, 

) and biodiversity in general (Lagergren & Jónsson, 2017) were suggested for 
Sweden. Both strategies would, however, lead to a more diverse forest in their respec- 
tive settings, and the diversification of forests is commonly cited as a climate change 
mitigation strategy and a means to generate the highest possible levels of various 
ecosystem services, including habitat provision for wildlife (Lagergren & Jónsson, 

; van der Plas et al., ). 

Other climate change mitigation strategies that could benefit biodiversity include 
thinning practices. Thinning practices can promote high carbon sequestration rates 
and enhance the structural and compositional complexity in forests (D' Amato et al., 

), both of which may be good indicators of high forest biodiversity (Lindenmayer 
et al., ). Uneven instead of even-aged management and prescribed fire regimes 
have also been proposed as mitigation measures to benefit biodiversity (Millar et al., 

). Moreover, tree retention practices are frequently used to alleviate the adverse 
effects of felling on species (Gustafsson et al., ). Such measures are commonly 
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introduced to promote structural complexity, forest continuity, and the availability of 
deadwood and old-growth forest patches, which are all generally related to high levels 
of species diversity (Paillet et al., 2010). A literature review by Felton et al. (2016) 
assessed the implications for biodiversity of several climate change adaptation and 
mitigation strategies implemented in Swedish production forests. They concluded 
that forest managers will be obliged to accept trade-offs to implement climate change 
adaptation strategies and meet the biodiversity goals set by the Swedish government. 
This scenario is likely to hold for other boreal countries as well. 


25.6 Outlook and Challenges 


Predictions of climate change impacts on the provision of boreal ecosystem services 
face several major challenges. These include uncertainties surrounding the poten- 
tial distribution and productivity of future boreal forests related to uncertainties in 
the projections of future climate (Hof et al., 2021; Keenan, 2015; Prestele et al., 
2016). Such uncertainties complicate decisions and developments regarding (novel) 
adaptation and mitigation strategies for managing the forest. Trade-off analyses and 
multiobjective optimization techniques can evaluate the consequences of conflicting 
management strategies on multiple ecosystem services (Chen et al., 2016). Tools 
such as decision-support systems may play a role in performing optimization across 
multiple objectives; however, to our knowledge, no system currently exists that incor- 
porates the multitude of ecosystem services provided by the boreal forest. Further- 
more, the numerous existing models and decision-support systems are very data 
hungry. It is questionable whether high-quality data are available throughout the 
boreal forest biome for all required parameters. Much time and effort are likely 
needed to collect the essential data to set up reliable models and support systems. 
However, once set up, they should be able to guide decision-makers in selecting 
appropriate management strategies. Data obtained via remote sensing, such as 
through LiDAR, MODIS, and Landsat, may play prominent roles in the future in 
regions where field data are not readily available. 

Screening the published literature, we find that most studies focus on boreal forest 
landscapes in Europe and northern North America. As more than half of all boreal 
forests occur in the Russian Federation, producing about 20% of the world’s timber 
resources (Krankina et al., 1997), itis paramount that we have a good understanding of 
how climate change may affect boreal forests and the associated ecosystem services 
in this region. However, studies related to the boreal forest in the Russian Federa- 
tion and published in the peer-reviewed literature in English are severely lacking. 
Furthermore, a quick search in Web of Science illustrates that the primary focus of the 
research community (to the present) in regard to studies of climate change impacts 
on ecosystem services provided by boreal forests is mainly on carbon sequestra- 
tion. We found 53% of the hits addressed carbon, 20% timber, and 5% wildlife. Few 
studies focused on bioenergy provisions in the context of boreal forests facing climate 
change (3%, Fig. 25.8). Harvesting for bioenergy appears less developed in Siberia 
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Fig. 25.8 Number of hits in 
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and North America than in Fennoscandia, as inferred by the number of studies in 
the published English-language literature from Sweden and Finland in regard to this 
particular ecosystem service. 

Here we have overviewed the complexities and uncertainties of the boreal forest 
under climate change. It is clear that interacting, indirect effects of climate change 
on the boreal forest will be significant, which has a large impact on simulation 
outcomes (Lucash et al., 2018). Future modeling studies will undoubtedly need to 
address these compounding effects. Massive challenges lie ahead for forest managers 
to safeguard boreal ecosystem services while also maintaining ecosystem resilience. 
Fortunately, multiple tools exist to aid their decision-making. Furthermore, frame- 
works to incorporate uncertainty within forest management facing the additional 
challenge of climate change have been developed (Daniel et al., 2017) and provide 
additional guidance to forest managers. 
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Chapter 26 A) 
Remote Sensing Tools for Monitoring crest 
Forests and Tracking Their Dynamics 


Richard Massey, Logan T. Berner, Adrianna C. Foster, Scott J. Goetz, 
and Udayalakshmi Vepakomma 


Abstract Remote sensing augments field data and facilitates foresight required 
for forest management by providing spatial and temporal observations of forest 
characteristics at landscape and regional scales. Statistical and machine-learning 
models derived from plot-level field observations can be extrapolated to larger areas 
using remote sensing data. For example, instruments such as light detection and 
ranging (LiDAR) and hyperspectral sensors are frequently used to quantify forest 
characteristics at the stand to landscape level. Moreover, multispectral imagery and 
synthetic aperture radar (SAR) data sets derived from satellite platforms can be 
used to extrapolate forest resource models to large regions. The combination of 
novel remote sensing technologies, expanding computing capabilities, and emerging 
geospatial methods ensures a data-rich environment for effective strategic, tactical, 
and operational planning and monitoring in forest resource management. 
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26.1 Introduction 


Forests play a primary role for life on Earth. Measuring and quantifying the state of 
forests at the landscape scale is critical from both a strategic and tactical perspective. 
Management-oriented forest monitoring efforts include complex and evolving objec- 
tives, such as timber production, environmental protection, biodiversity preservation, 
forest fire prevention, wilderness and open spaces, and adaptation to a changing 
climate. Forest monitoring approaches have continuously improved over the last few 
decades with innovations in remote sensing and computing methods. Although field 
surveys and inventories remain invaluable sources of information, the use of in situ 
methods to monitor critical forest metrics is limited at larger scales. However, with 
spaceborne and airborne remote sensing technology, forest monitoring efforts have 
advanced rapidly in terms of capacity, scale, and detail. For example, large swaths of 
land are imaged every day by Earth observation (EO) satellites, enabling the constant 
monitoring of global forest conditions (Mitchell et al., 2017). Such sizable remote 
sensing data sets provide opportunities to extrapolate the results of models derived 
from spatially limited field data to the landscape level and permit the observation of 
large-scale changes. 


26.2 Remote Sensing of Forests 


Earth observation satellites offer great opportunities to quantify landscape and 
regional land cover, composition, and change. Some of the commonly used satel- 
lite imagery include that from the National Aeronautics and Space Administration 
(NASA), National Oceanic and Atmospheric Administration (NOAA), European 
Space Agency (ESA), Indian Space Research Organization (ISRO), Canadian Space 
Agency (CSA), China National Space Administration (CNSA), and Japan Aerospace 
Exploration Agency (JAXA) (Table 26.1). Additionally, several commercial satellite 
imagery providers offer cutting-edge satellite data with higher spatial and temporal 
resolution and, in many cases, customized monitoring solutions. Some prominent 
commercial satellite imagery providers include DigitalGlobe from Maxar, Planet 
Labs, and Airbus. Commercial and openly available EO data are used in a wide 
variety of Earth science, forestry, agriculture, and geological applications by research, 
government, and commercial entities. 

Some of the most common types of EO data include multispectral and synthetic 
aperture radar (SAR) systems. Examples of multispectral satellites include Sentinel- 
1 and 2, Landsat, the Moderate Resolution Imaging Spectroradiometer (MODIS), 
and the Advanced Very High-Resolution Radiometer (AVHRR). Of these, the higher 
spatial resolution satellites (e.g., Landsat and Sentinel) are generally more useful 
from a forest management perspective. 
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The Sentinel satellites are part of ESA's Copernicus Program, one of the most 
recent and ambitious EO programs. Currently, there are two series of Sentinel satel- 
lites that provide data to users around the globe: Sentinel-1 and Sentinel-2. The 
former consists of a constellation of two satellites, 1A and 1B, carrying C-band SAR 
with a lower spatial resolution limit at 5 m. Spaceborne SAR is an active radar system 
that can image the Earth's surface with or without cloud cover and through smoke 
and other aerosols. Depending on the wavelength, microwaves from a SAR system 
can even penetrate the top layers of soil and vegetation and provide useful informa- 
tion regarding the soil's physical properties, such as soil moisture. The Sentinel-1 
constellation can revisit the same location about every six days. Sentinel-2 consists 
of two multispectral satellites, 2A and 2B, having a spatial resolution of 10 m and 
a revisit time of five days. Multispectral satellite sensors measure how sunlight is 
reflected by the Earth's surface across a range of wavelengths and are passive in 
nature, i.e., without an active source of electromagnetic radiation. Figure 26.1 shows 
an example of SAR and multispectral images showing variations in backscatter and 
reflectance, respectively. 

The Landsat satellite program offers the richest and longest-running historical 
archive of satellite data with observations since the 1970s (Wulder et al., 2019). 
This archive provides unique opportunities to study the mechanisms and extent of 
past and present forest dynamics. The moderately fine (30 m) spatial resolution 
of the Landsat Thematic Mapper sensors and their revisit time of 16 days make 
them uniquely suited for longer-term forest monitoring and management applications 
from space (Hansen & Loveland, 2012). The Landsat data archive became publicly 
available in 2008, which, combined with ready access via Google's Earth Engine 


Fig. 26.1 Forest clear-cuts in western Oregon, United States, shown using (left) a Sentinel-1 SAR 
image composite with spring, late spring, and summer images as three bands in VV polarization 
and (right) a true-color image from a Sentinel-2 composite image using red, green, and blue bands 
from the summer 2018. SAR data are sensitive to topography, biomass, and water content. Recent 
timber harvest units have a higher color intensity in the SAR and lose seasonal variation as the 
forest regrows 
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platform (Gorelick et al., 2017), promoted the widespread use of these data for many 
research and commercial applications. Coarser spatial resolution satellites, such as 
MODIS and AVHRR, have historically been used to map and classify land cover 
at spatial resolution scales ranging between 250 m and 10 km. These coarse spatial 
resolution satellites have a high temporal resolution, with near-daily imagery, but 
their coarse resolution makes it challenging to derive reliable map-based estimates 
of forest characteristics and change (Chen et al., 2018). Although they have limited 
utility at local scales, MODIS and AVHRR satellites provide frequent remote sensing 
data that are useful for disaster monitoring systems and as inputs and validation for 
ecosystem models evaluating land-cover changes over large areas. 

In addition to multispectral imagery, newer remote sensing technologies, such 
as light detection and ranging (LiDAR), provide emerging opportunities to assess 
boreal forest characteristics and can be used to quantify changes in forests over 
time (Dubayah & Drake, 2000). LiDAR can be used to estimate a variety of forest 
structural attributes across large areas, including canopy height, cover, volume, and 
biomass. Unlike multispectral sensors, LiDAR instruments actively emit photons via 
infrared lasers and then measure the amount of time required for the photons to strike 
a target and return to the sensor. Photon return time indicates the distance between 
the sensor and the target. LiDAR can be used to assess forest structure, including 
forest aboveground biomass (AGB), and reproduce subcanopy surface topography. 
LiDAR instruments can be airborne, spaceborne, or land-based (terrestrial) and can 
be used at different levels of detail to provide forestry-relevant management and 
inventory information (Magnussen et al., 2018; Shendryk et al., 2014; Zhao et al., 
2018). Spaceborne LiDAR is increasingly being used to assess forest structure and 
biomass around the world. It has become progressively more feasible with photon- 
counting technology onboard ICESat- 1/GLAS (2003-2009) and ICESat-2 (2017— 
present) (Popescu et al., 2018), and with the full waveform capability of the GEDI 
instrument (2019-present) (Dubayah et al., 2020). These new technologies are typi- 
cally used to infer forest attributes at field sampling locations, which are further 
extended via remote sensing imagery across a larger area of interest on the basis of 
empirical relationships (Margolis et al., 2015; Neigh et al., 2013). Such methods can 
enable the rapid, robust, and cost-effective characterization of forest attributes across 
large areas. 

In combination with the ever-increasing geospatial data being made available by 
multiple remote sensing and non-remote sensing sources, geographic information 
systems (GIS) are used as visualization, data manipulation, and processing tools for a 
wide range of data sets. The coevolution of GIS and remote sensing technologies has 
augmented field and inventory data with satellite imagery for map production, spatial 
visualization and query, and decision support (Sonti, 2015). Linking field inventory, 
aerial surveys, and remote sensing with GIS tools has helped foresters and ecologists 
develop more accurate records of forest cover, composition, and configuration for 
strategic (long-term) and tactical (short-term) planning. 
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26.3 Forest Biodiversity 


Forest biodiversity is an essential consideration for sustainable forest management. 
Assessments of spatial heterogeneity in biodiversity commonly use satellite and 
aerial remote sensing data. In boreal environments, which have a moderate to low tree 
species diversity, such assessments may involve supervised and unsupervised classi- 
fications of high spatial resolution multispectral and hyperspectral data (Baldeck & 
Asner, 2013). Recent advances in data fusion techniques have enabled the use of 
high spatial and temporal resolution data combined with LiDAR (Fig. 26.2) from 
aerial platforms to measure and relate plot-level variations of species composition 
to environmental and physical factors (Powers et al., 2013; Rocchini et al., 2015). In 
addition to the analysis of tree species, remote sensing indicators have been used to 
model and map animal species diversity across large landscapes (Davies & Asner, 
2014); for example, Coops et al. (2009) predicted bird species richness in Ontario, 
Canada, using productivity, topography, and land cover derived from remote sensing. 
Similarly, Kerr et al. (2001) modeled butterfly species richness on the basis of remote 
sensing-derived land cover and climate data. These studies also indicate that although 
biodiversity assessments can incorporate remote sensing approaches, it is seldom 
trivial to select remotely sensed indicators of biodiversity, and this approach requires 
a combination of traditional ecological knowledge and mathematical modeling. 


Fig. 26.2 (left) A LiDAR three-dimensional (3D) point cloud, color-coded by height from a base- 
line, of a small area in a Douglas fir-dominated forest. Data obtained from the United States 
Geological Survey's 3D elevation program (3DEP). (right) Airborne false-color imagery of the 
same area at a 1 m spatial resolution. Data from the United States Department of Agriculture's 
National Agricultural Imagery Program (NAIP) for 2018. In addition to the spatial location of 
individual trees, airborne LiDAR can capture the 3D structure of the forest 


646 R. Massey et al. 


26.4 Forest Disturbances 


Forest disturbances, such as wildfire, windthrow, and insect outbreaks, are integral 
and natural components of forest ecosystem dynamics. They impact forest species 
composition, structure, above- and belowground carbon storage (Alexander & Mack, 
2016), forest regeneration and successional dynamics (Johnstone et al., 2010), as 
well as water and energy cycling (Goetz et al., 2012). Remote sensing methods 
can be used to detect and monitor forest disturbance across large areas and thus 
inform sustainable forest management policies and practices (Guindon et al., 2018; 
Hall et al., 2016). Ecosystem responses to disturbance events can be assessed using 
data from multiple satellite missions with field and airborne campaigns to monitor 
changes in connectivity, complexity, and heterogeneity across a region (Skidmore 
et al., 2015). The fusion of multilevel and multiresolution data can inform tactical 
and strategic management efforts. Such data collections can also be used to model 
ecosystem response to climate and help the strategic planning of resources in relation 
to future climate scenarios (Whitman et al., 2019). 


26.4.1 Fire Detection and Risk 


Fire occurrence and severity can be detected using multispectral satellite imagery 
by observing the difference in pre- and postfire indices, such as the normalized 
burn ratio (NBR) and infrared bands (Key & Benson, 2005). For fire management 
and detection, satellites such as MODIS. PlanetScope, and SkySat provide a daily 
updated stream of satellite images, which, when combined with aerial imagery, can 
be used to monitor fire progression (Giglio et al., 2016). During tactical planning 
stages, fire risk can be evaluated by assessing species composition, forest density, 
forest structure, and fuel conditions using a combination of airborne and spaceborne 
remote sensing data. The information storage and analysis capabilities of GIS tools 
are particularly useful for decision-making in tactical situations and emergencies 
where fire management and prevention, prescribed burning, and postfire recovery 
actions are planned by integrating GIS and remote sensing data to, for example, 
prepare maps of burn severity (Wulder & Franklin, 2006). 


26.4.2 Monitoring Forest Health 


Nonstand replacing disturbances, such as windthrow, insect outbreaks, and disease, 
often disproportionately impact certain tree species or sizes, leading to shifts in 
species composition, stand structure, and productivity (Goetz et al., 2012). Insect 
disturbances are usually observed indirectly in satellite imagery using specialized 
methods for each insect type (Senf et al., 2017; White et al., 2007). For example, once 


26 Remote Sensing Monitoring of Forests and Their Dynamics 647 


©2015; DigitalGlobe; NextView.Lifense 


Fig. 26.3 Coniferous stands affected by the gradient of percent cumulative insect defoliation in 
a Canadian boreal forest as seen using 10 cm high spatial resolution false-color image and pan- 
sharpened shortwave infrared (SWIR) bands from the WorldView-3 satellite 


infested by bark beetles, such as the mountain pine beetle (Dendroctonus ponderosae) 
or the spruce beetle (Dendroctonus rufipennis), the tree moisture status is often 
impacted through stomatal closure and secondary infection by fungal pathogens. 
Needle color changes from green to red (red-attack stage) or gray (gray-attack stage) 
depending on the tree species (Hall et al., 2016). The change in needle color, espe- 
cially at the red-attack stage, is detectable in high-resolution multispectral imagery 
and can indicate insect infestation (Coops et al., 2006). The calibration and vali- 
dation of insect disturbance mapping efforts are often achieved through compar- 
isons with field data (Senf et al., 2017). For the long-term monitoring and detection 
of infestations, detection programs can employ annual aerial detection surveys as 
starting points to digitize validation polygons from the photointerpretation of high 
spatial resolution imagery (Meddens et al., 2012). Because of the inherent multi- 
scale nature of insect outbreaks, infestations occur at the individual tree scale but can 
quickly spread across landscapes (Raffa et al., 2008). Given that insect outbreaks 
often progress over several years, multidate time-series observations are usually 
required to detect and observe the complete response of a forest to an outbreak (Senf 
et al., 2017). Additionally, many infestation cases warrant the use of higher resolution 
remote sensing imagery (Fig. 26.3) from multispectral satellites, e.g., WorldView, 
hyperspectral imaging satellites, e.g., Hyperion, and aerial-based remote sensing 
instruments, e.g., airborne visible infrared imaging spectrometer, AVIRIS; Senf et al. 
(2017) and Makoto et al. (2013). 
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26.4.3 Invasive Species 


The expansion of invasive species decreases the diversity of native plants and thus 
presents a threat to overall ecosystem resilience (Harrod & Reichard, 2001). Multi- 
date observations of changes in vegetation indices, such as the normalized differ- 
ence vegetation index (NDVI) or enhanced vegetation index (EVI), can indicate an 
increased dominance of invasive species, especially where the invasive species are 
spectrally distinct from the native population. In cases where the invasive species are 
not spectrally distinct within multispectral imagery, hyperspectral imagery may be 
required to develop suitable models for detecting and mapping the encroachment of 
these invasive species (Huang & Asner, 2009). When there are structural or height 
differences between the native and invasive species, multispectral or hyperspectral 
data can be augmented using LiDAR or SAR data. 


26.5 Forest Characteristics and Productivity 


Forest management objectives are often achieved by monitoring and controlling 
forest characteristics in a stand to influence growth and yield. As large parts of the 
boreal forest are managed for wood production (Gauthier et al., 2015), remote sensing 
technologies provide effective tools to monitor stands, particularly when combined 
with field surveys and forest inventory data. 


26.5.1 Assessing Forest Productivity with Remote Sensing 


At landscape scales, remote sensing assessments of boreal forest productivity often 
rely on repeat measurements of coarse- or moderate-resolution multispectral data and 
vegetation indices (e.g., NDVI, EVI), SAR data, and airborne LiDAR. At the stand 
scale, however, tree species distributions derived from high-resolution multispectral 
data are often used to describe and project forest growth and yield (Modzelewska 
et al., 2020). Although field surveys traditionally determine species composition 
within stands, remote sensing tools can expand the field-derived models to larger 
scales. Such maps derived from remote sensing data also provide forest managers 
with the spatial distribution of products likely to be produced from the forest and 
also the vulnerability of stands to disturbance on the basis of tree species. 

When it comes to measuring harvest potential and products that can be derived 
from forest stands, terrestrial and airborne LiDAR instruments are of primary impor- 
tance. LiDAR data form an important part of growth and yield modeling simulations. 
Furthermore, tree-level data inform on both timber assortments and biodiversity. In 
addition to species distribution, stand density plays a major role in forest yield assess- 
ments and the monitoring of growth. In recent decades, airborne laser scanning (ALS) 
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has emerged as a promising technology for estimating stand density within forested 
areas. ALS is a LiDAR approach that uses an airborne platform to transmit and 
measure returns from tree canopies in the near-infrared range. These returns can 
be used to accurately estimate the number of trees and stand density using spatial 
relationships between LiDAR points and “point clouds" (Nesset, 2004). 

ALS-derived LiDAR point clouds can also be used to derive aboveground biomass 
and estimate stand age. As trees age, they typically grow in height up to a (usually 
species-specific) point, after which their vertical growth slows even as their carbon 
accumulation rate may continue to increase (Stephenson et al., 2014). Species distri- 
bution maps combined with stand-age data can be used to identify the site index, 
which is a measure of projected height at an index age (typically 25, 50, or 100 years). 
The site index is typically used as an indirect measure of site quality and its ability 
to produce specific wood products. Site quality is an essential parameter for forest 
managers as it can help determine the quantification of merchantable timber and 
is an essential input for the strategic planning of forest resources. Stand-age and 
site-index maps derived using remote sensing and GIS can also be used to identify 
harvest locations in the forest by identifying optimal mean annual increments (MAI) 
to maximize sustained volume productivity. 


26.5.2 Mapping Forest Aboveground Biomass Using Remote 
Sensing 


Forest aboveground biomass (AGB) describes the total dry weight of live trees per 
unit area and is related to structural metrics such as tree density, diameter, height, 
and composition. Forest AGB is useful for forest managers to consider because it 
provides additional information for volume estimates for timber production purposes, 
such as stand carbon sequestration and storage. Forest AGB maps may also serve 
as tools to identify areas of high conservation priority or with high intraspecific 
competition having a potential need of management treatments. Forest AGB can be 
mapped over an area of interest by linking plot-level forest inventories with remote 
sensing measurements related to forest canopy cover, structure, and composition 
(Berner et al., 2012; Puliti et al., 2020). Various remote sensing instruments are used 
to measure and map boreal forest AGB, including LiDAR, SAR, and multispectral 
sensors, often in combination with one another. 

In addition to LiDAR, SAR data are used to map boreal forest AGB. Live-tree 
growing stock volume (GSV) is an important parameter for predicting forest AGB and 
can be mapped across large areas using SAR data (Santoro et al., 2015). Forest AGB 
can then be predicted by combining GSV with information related to land cover, land 
cover-specific wood density, and biomass allocation (Fig. 26.4; Thurner et al., 2014). 
Multispectral satellite imagery is an inexpensive means of extending AGB estimates 
from plot-level measurements through the use of airborne and terrestrial LiDAR, 
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Fig. 26.4 Aboveground biomass mapped across the boreal forest biome using the synthetic aperture 
radar (SAR) and ancillary information (Santoro et al., 2015; Thurner et al., 2014). The boreal biome 
extent is based on the boreal ecoregions mapped by the World Wildlife Fund (Olson et al., 2001) 


very high-resolution imagery, and field inventories. This multisource, multiscale 
approach can also be used to monitor changes in forest AGB over time. LiDAR data 
are particularly useful for augmenting multispectral imagery, as forest canopy closure 
Obscures forest structure (Wulder et al., 2020). Ancillary geospatial information can 
also improve model predictions of boreal forest AGB (Puliti et al., 2020). 

The integration of multispectral imagery with repeated LiDAR and SAR also 
provides emerging opportunities to assess boreal forest productivity by quantifying 
net changes in boreal forest AGB over time (A AGB), typically using either a direct or 
indirect approach (Karila et al., 2019; McRoberts et al., 2015). The direct approach 
involves predicting AAGB on the basis of differences in forest canopy structure 
between successive remote sensing measurements. The indirect approach involves 
predicting forest AGB at two points in time using remote sensing measurements and 
then computing AAGB by differencing the two predictions. The direct approach 
requires measurements from the same ground location during each survey, although 
prediction errors are easier to estimate. From an inventory standpoint, both methods 
can increase the precision of AAGB estimates relative to relying exclusively on field 
inventory measurements (McRoberts et al., 2015). Remote sensing efforts to quantify 
AAGB in the boreal forest have primarily relied on repeat airborne LIDAR surveys 
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over small landscapes (Hopkinson et al., 2016; McRoberts et al., 2015). Recent efforts 
have also demonstrated the utility of spaceborne SAR to quantify AAGB, which 
allows for larger-scale mapping (Askne et al., 2018; Karila et al., 2019). Spaceborne 
LiDAR, e.g., ICESat-2, could also enable large-scale, sample-based estimates of 
AAGB in the boreal forest. The combination of satellite and airborne remote sensing 
provides a suite of tools for assessing boreal forest productivity at both the local and 
landscape scales. 


26.6 Novel Technologies in Remote Sensing 


Satellite programs such as Landsat, Copernicus, and MODIS provide a high degree 
of homogeneity of the data sets over time by ensuring fixed observation condi- 
tions, regular sensor and data calibration, and minimal geolocation errors. Such 
repeat observations are invaluable for evaluating and monitoring forest conditions 
at landscape scales over longer periods. Moreover, commercial petabyte-scale satel- 
lite archives of daily high-resolution images from providers such as Planetscope 
and SkySat from Planet Labs provide a constantly updated satellite data stream of 
the entire planet, ensuring global monitoring and data continuity for both tactical 
and strategic planning. These microsatellite constellations allow obtaining multiple 
measures of the same area of interest throughout a single season, which enables the 
study of phenological metrics in forest plots over several years. 

However, large archives of satellite data present a major challenge in regard to 
processing and handling the collected imagery. Although large-capacity computing 
solutions can be built, such tools require significant time and resources and are 
only generally available within large institutions. Recent rapid advances in cloud- 
computing technology have increased the availability of on-demand computing capa- 
bilities for research and commercial users alike. Recently evolved cloud-computing 
technologies from Google Cloud Platform, Amazon Web Services, and DigitalO- 
cean, to name a few commercially available platforms, are enabling researchers 
to push the boundaries of science by providing pay-per-use computing infrastruc- 
ture. Cloud-computing services provide managed computational tools and platforms 
that can process large amounts of data without the need to install local computing 
infrastructure. Cloud-computing platforms, e.g., Google Earth Engine (GEE) (Gore- 
lick et al., 2017), can help resolve challenges associated with the large amounts of 
computing required for working with and analyzing petabyte-scale satellite imagery 
data without interacting with it on a local computer. Many openly available satellite 
data collections, including Landsat, MODIS, Sentinel-1 and 2, and many derived 
regional and global products, are now available on GEE for user-defined processing 
and computation. Moreover, tools such as GEE are highly scalable and process satel- 
lite imagery in parallel, thereby markedly reducing time for many workflows. The 
scalable nature of GEE permits machine-learning workflows for classifying images. 

The ability of forest managers to respond to the effects of changing climate on 
forests depends on effective data collection, processing, and derivation of actionable 
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insights. Because it is not feasible to frequently or even infrequently census an entire 
forest using field surveys, it becomes necessary to monitor large tracts of forests for 
changes through remote sensing platforms and instruments. Models developed using 
acombination of field and remote sensing data can provide avenues for keeping forest 
managers informed of changes in biodiversity, biomass, vulnerability, stand density, 
and other forest characteristics. Future advances in remote sensing technologies, 
computing platforms, and geospatial software will further advance monitoring and 
mapping capabilities toward more sustainable planning and management of boreal 
forest resources and better equip forest managers for mitigating the consequences of 
ongoing climatic change. 
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Chapter 27 A) 
Remote Sensing at Local Scales get 
for Operational Forestry 
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and Bruce Talbot 


Abstract The success of current and future forest management, particularly when 
dealing with triggered changes stemming from extreme climate change-induced 
events, will require prompt, timely, and reliable information obtained at local scales. 
Remote sensing platforms and sensors have been evolving, emerging, and converging 
with enabling technologies that can potentially have an enormous impact in providing 
reliable decision support and making forest operations more coherent with climate 
change mitigation and adaptation objectives. 


27.1 Introduction 


Forest operations are fundamental to the management needs specifically designed 
to respond to a trigger. These triggers are a planned sequence of events along 
the developmental stages of the stand that are set by the forest management plan 
during tactical or operational planning. Forest operations can also be a response 
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Fig. 27.1 Schematic of the general information flow (gray arrows), feedback loops (blue arrows), 
and feedback loops induced by a modifier (dashed red arrows) 


to an unplanned change (unplanned trigger) that could alter the decision process 
and operation deployment, generating a feedback loop to the execution of the plan 
(Fig. 27.1). 

Forest operations include timber harvests, fiber recovery, site preparation for suit- 
able establishment (natural regeneration, seeding, or planting), thinning, pruning, 
timber stand improvement, competitive vegetation control, sanitization, and salvage 
(Fig. 27.2). They are designed to meet management needs (Fig. 27.1) on the basis 
of the targeted ecological response, technical applicability, and economic feasi- 
bility within compliance standards (Rummer, 2002). For example, harvesting within 
ecosystem-based management often prescribes the retention of legacy trees and the 
use of suitable techniques to avoid any damage to these trees. Whereas operations 
are a response to a planned trigger, they can also cause significant expected changes 
to the environment within a very short time; these changes also require tracking. For 
example, harvesting a matured stand will reset (change) the developmental process 
to its early-successional stages. 

The effective implementation of sustainable forest management depends largely 
on carrying out sustainable forest operations (Marchi et al., 2018), which can prove 
to be more challenging in the context of climate change. The intensity and frequency 
of extreme climate events and severe insect outbreaks are predicted consequences of 
climate change and will alter the natural dynamics of the forests and drastically alter 
the local environment (Spittlehouse, 2005). For instance, operational deployment 
could be impeded by sudden flooding, early thawing, catastrophic tree damage, etc. 
The feedback loop to tactical planning in such situations happens rapidly and more 
frequently (Fig. 27.1). 
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Fig. 27.2. Schematic showing various forest operations along the stand development stages (dark 
gray boxes), including the critical operations (bold) 


The success and efficient deployment and the completion of any response or 
action depend on a prompt, timely, and reliable information feed at the planning, 
deployment, and operational stages. The status of vegetation (e.g., tree species or 
stem quality) and terrain (e.g., slope or ground-bearing capacity) features are crit- 
ical information needs (Table 27.1). Their level of detail, intensity, and periodicity is 
defined by the complexity of the type of operation or the environmental conditions in 
which the operation must be completed along the stand developmental stages (Table 
27.1). For example, harvesting a sustainably managed mixedwood stand growing 
mainly on complex terrain conditions requires safe access to the site and detailed 
information on the targeted species, e.g., stem quality. It is critical to properly identify 
the seed trees and create microsites that favor natural regeneration during operations. 
Hence, information needs tend to relate to planning, i.e., a priori, and during the actual 
operation, i.e., real time. The recentness of the acquired data is also important. More- 
over, detail intensity increases from a homogeneous plantation to a heterogeneous 
natural stand. The level of detail for planning a harvest operation may be at the tree to 
stand level for vegetation, whereas accessibility (surface, slope, skid trails, landings, 
and wood catchment zones) is generally required at the block level (Table 27.2). 
However, during the harvest operation itself, the required details are instantaneous, 
repetitive, and intense within the operator's line of sight. 

Traditionally, data used for planning purposes has been based mainly on a priori 
ground surveys (e.g., walk-throughs, cruising—a method to determine value of a 
specific area—or inventory of plot installations) or coarse interpreted images. Treat- 
ment execution is completed using visual assessments and compliance reporting with 
independent surveys. Recent innovations in remote sensing technology for rapidly 
gathering, processing, and accessing information have significantly modernized how 
forest operations are planned and conducted. This chapter documents current remote 
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Table 27.1 Required information for vegetation and the post-harvest to complete a forest operation 
along stand development stages 


Matured |Stand initiation Establishment Juvenile 
Vegetation features PHS Harv FibRec |SitePrep |Sd/Plnt| Compet |PCT | CT 
Canopy 
Competing vegetation 
Crown balance —ÀÀ 
Retention 
Species 


Stand structure 


Stem spacing/ 
occupancy/voids 


Stem location i | il | | | | i TATA 


Tree height 


Vigor 


Stem 


Stem quality 


Tree damage 


Tree form HELD 


Wood catchment/ 
volume 
Post-harvest 


Bucking/log sort 


Log scaling 


Residue distribution 


Residue geometry 


Stump 


Legend 
Action Report Both 


=y priori | l | | | | | Real time THEO 


PHS, preharvest survey; Harv, harvesting; FibRec, fiber recovery, i.e., the process of calculating the 
recovery rate, removing residual fiber, secondary use of fiber, piling, burning; SitePrep, site prepa- 
ration; Sd/Pint, seeding/planting; Compet, competition, i.e., weed control; PCT, precommercial 
thinning; CT, commercial thinning 


sensing technologies suitable for understanding, monitoring, and mapping forest 
conditions at local scales to plan, perform, and report forest operations successfully. 
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Table 27.2. Required information for the terrain and derived features to complete a forest operation 
along stand development stages 


Matured Stand Init Establishment Juvenile 
Terrain features PHS Harv |FibRec |SitePrep |Sd/Plnt Compet |PCT CT 


Roughness 


Ground bearing 
Obstacle 


Soil disturbance 


Slope 
Skid trails 


Drainage 


Derived features 


Accessibility 


Safety 


Cutblock boundary 
Hot spot 
Trafficability 


Protected zones 


Microsite 
availability 
Legend 


T 


Action Report | Both 


[ER ee | 
A priori [LL }Rea! time FEE Both 


PHS, preharvest survey; Harv, harvesting; FibRec, fiber recovery, i.e., the process of calculating the 
recovery rate, removing residual fiber, secondary use of fiber, piling, burning; SitePrep, site prepa- 
ration; Sd/Pint, seeding/planting; Compet, competition, i.e., weed control; PCT, precommercial 
thinning; CT, commercial thinning 


27.2 Remote Sensing Platforms for Operational Forestry 


Remote sensing is a platform-sensor combination (PSC) used to gather information 
about an object without being in physical contact with the object. PSC has the advan- 
tage of providing quick, synoptic, and repeated information over large and multiple 
spaces. The level of detail (coverage, resolution, timing, and frequency) varies with 
combinations of these various parameters (Table 26.2). Sensors are either passive 
(e.g., imaging/reflectance and thermal/radiation) or active (e.g., LIDAR or laser scan- 
ners and RaDAR or microwave scanners). The periodicity of the satellite data is fixed 
on the basis of constellations (daily to a few days; see Table 26.2), whereas all other 
acquisitions are programmed as per need (Tables 27.3 and 27.4). 

Perception sensors help describe surface objects or perceive the environment. 
Positional or pose sensors (e.g., Global Navigation Satellite System-Global Posi- 
tioning System, GNSS-GPS; Realtime Kinematics, RTK; Inertial Navigation System, 
INS; Inertial Measurement Unit, IMU; gyros and wheel encoders) determine the loca- 
tion and pose of the platform. A sensor platform refers to its carrier; these include 
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Co-registered lidar 


Fig. 27.3 Comparison and coregistration of LIDAR point clouds of a coniferous stand as captured 
from various platforms. ALS, aerial LIDAR; ULS, UAV-based LIDAR; TLS, terrestrial LIDAR) 


mobile platforms, such as satellites, airborne platforms (aircraft and drones, also 
known as unmanned aerial vehicles or UAV), manned or unmanned ground vehi- 
cles, and human or stationary platforms, such as towers and tripods. Sensors are also 
sometimes distinguished by the platform they carry; for example, Liang et al. (2015) 
classified laser scanners as being either airborne (ALS), terrestrial (TLS), mobile 
(MLS), or personal (PLS). Platforms above the forest canopy can provide a synoptic 
view over large contiguous areas to provide a top-to-bottom description. In contrast, 
platforms in proximity, below the canopy, or closer to the ground provide vertical 
stem information and a detailed terrain description that is not feasible or possible 
from above-canopy platform systems (Fig. 27.3). For example, Kankare et al. (2014) 
demonstrated that TLS produces preharvest tree- and stand-level bucking details at 
a greater degree of accuracy than conventional means. Such data can help estimate 
the stumpage value of a stand or more suitable wood assortments. 

Optical sensors capture the reflectance from materials within, e.g., standard digital 
RGB camera, and beyond the visible spectrum, e.g., infrared, whereas thermal 
sensors capture radiation from materials. Multispectral sensors (MSS) capture 
reflectance in limited or broad spectral regions (bands), and hyperspectral sensors 
have narrower but multiple bands. The spatial resolution of the image represents the 
ground sampling distance (GSD), which varies on the basis of the focal length of 
the sensor, the altitude at which the sensor is placed, and the speed with which the 
platform moves (Table 26.2). For instance, depending on the sensor platform, GSD 
may vary from a subcentimeter (e.g., drone), to submeter (e.g., WorldView series) to 
kilometer (e.g., AVHRR) scale. GSD is important in determining the spatial resolv- 
ability (mappability) of the feature on the image. Typically, assuming a reasonable 
contrast of the target feature from its background, more than 3 cm GSD is recom- 
mended for manually discerning trees as small as 0.4 m in height with a 35 cm crown 
diameter or form on an image (Pitt et al., 1997). 

LiDAR (light detection and ranging) and RaDAR (radio detection and ranging) are 
active ranging sensors. RaDAR transmits microwave radio signals, whereas LiDAR 
transmits infrared energy. Both emit pulses that can penetrate through smoke, cloud, 
and small openings in tree canopies to reach the forest floor as well as measure the 
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reflected backscatter. The range is converted to distance to provide precise locations 
(x, y, z) of the point of interaction with an object in space, and these sensors are 
best suited to describing the structure of an object, e.g., crown shape or tree height. 
Available radar systems provide a spatial resolution larger than 1 m and are better 
suited for large-scale mapping relevant to strategic or tactical forest management. 

In terms of the capabilities of data recording, LiDAR systems can be fullwave 
(complete distribution of intercepted and returned laser pulse along the pathway) 
or discrete return (few observations are recorded from a laser pulse that is inter- 
cepted and reflected from targets). As they record the entire pathway along with the 
additional attributes of amplitude and intensity, fullwave systems are better suited 
for detailed above- and below-canopy characterization. Fullwave recording requires 
large-scale data management and algorithms, and this approach still remains at the 
experimental stage; however, discrete LiDAR is currently in operational use (Crespo- 
Peremarch et al., 2020). LiDAR systems are also differentiated by laser footprint size. 
A small footprint (less than one meter) on the ground provides a good link between 
the LiDAR beam and the structural vegetation attributes that are subtle among or 
within individual trees. By segregating the returns, e.g., vegetation versus ground, 
the points can be interpolated to describe continuous object (digital surface model, 
DSM) and terrain (digital terrain model, DTM) surfaces. Their arithmetic differ- 
ences represent the aboveground surfaces, e.g., canopy height model (CHM). Point 
clouds, as well as surface models, are used to extract features. Point density and 
the power of the laser signal to penetrate through the canopy define feature resolv- 
ability and the estimated dimensions. Because imaging sensors receive the resulting 
light reaction from a particular surface, they tend to be best suited for understanding 
floristic compositional/structural characteristics related to the object, e.g., species, 
vigor, canopy cover, and density. Imagery is a 2D raster, and LiDAR is 3D point data 
or vertical profile; however, when images are gathered either as a stereo or overlap- 
ping sequence, they can provide photogrammetric 3D data useful for describing the 
structure of objects, such as canopy structure. Table 26.2 highlights the estimable 
direct/indirect features relevant to forestry on commonly available platforms. 

The selection of PSC for a forest operation depends on the spatial extent and 
patterns of the area of interest, the timing, the recentness of the acquired informa- 
tion, and the repetitiveness between triggers for the required monitoring/reporting, 
specifically for vegetation status. Preharvest surveys should be within a year of the 
operation, whereas site preparation for competition control is conducted within a 
month, and regeneration surveys are two to five years after stand initiation (Table 
26.1). The availability of certain RS platforms, such as satellite or aerial platforms, 
may be limited. Similarly, the phenology of target vegetation is an important consid- 
eration, as coniferous crops remain distinctly visible during the early spring or late 
fall, whereas deciduous vegetation is transparent during these periods. 

Measurements with static terrestrial platforms provide a single or a small number 
of viewpoints and hence are limited to the validation or calibration of models built 
on higher platforms (Liang et al., 2018). On the other hand, mobile systems have the 
potential to provide near-real-time data and detailed below-canopy data relevant for 
operational decisions (Holmgren et al., 2019). 


27 Remote Sensing at Local Scales for Operational Forestry 667 


27.2.1 Positioning and Tracking Systems 


Precise positioning in space and navigation is essential for safe and effective target 
action through localization (e.g., fire, salvage, or herbicide sprays) or tracking activity 
data (e.g., machine movements or harvest operations) for assessing efficiency, quality, 
and productivity (Keefe et al., 2019). The most commonly used positioning tools are 
global positioning systems (GPS) operating via a constellation of satellites, 24 as 
in GNSS. A GPS receiver can provide latitude, longitude, elevation, and the vector 
heading to monitor one's location on topographic/thematic maps or imagery (Picchio 
et al., 2019). This information is generally integrated with a geographic informa- 
tion system (GIS) and can be visualized by the operator. Differential GPS or RTK 
systems can improve locational accuracy. Given the poor precision in forested envi- 
ronments because of canopies blocking satellite signals, additional sensors like INS 
can be used to estimate relative position and orientation of a mobile vehicle, e.g., an 
operating forestry machine. The heart of INS is the IMU—a combination of gyro- 
Scopes, accelerometers, and magnetic sensors used for determining translational and 
rotational velocity to provide a navigational solution. More recently, simultaneous 
localization and mapping (SLAM), a technique popular with autonomous systems, 
has also been tested for use in forestry (Chandail & Vepakomma, 2020; Tang et al., 
2015). SLAM involves creating a map for an unknown environment while simulta- 
neously determining the agent's location using a laser or RGB-D camera to estimate 
depth in combination with other location sensors, such as GPS and IMU. 


27.3 Remote Sensing-Based Feature Extraction for Forest 
Operations 


In the context of a forest operation deployment sequence, we can essentially discuss 
remote sensing technologies as those (1) providing information on the forest environ- 
ment for operational planning, monitoring, or assessing the effectiveness of an oper- 
ation and/or reporting compliance; (2) gathering environmental information during 
the operations; and (3) relating to the operations themselves. Essentially, planning 
is a priori information that has a recentness from the day to a few months previous 
and helps determine the selection and use of machine systems. Information used 
for compliance or when monitoring effectiveness following a treatment must also 
be recent, whereas data needs are real time to near-real time for the deployment of 
actual operations. Above-canopy platforms are more suitable for planning and moni- 
toring, especially in contiguous spaces, whereas close-range, terrestrial, and mobile 
platforms are most suitable for real-time operations. The following subsections are 
organized to understand how remote sensing, especially using platforms closer to 
the canopies, can be used for information feed, particularly in relation to vegeta- 
tion and the underlying terrain, as highlighted in Table 27.1, along the sequence of 
a forest operation deployment. We provide, where possible, examples of different 
applications. 
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27.3.1 Vegetation Features 


During the stand development stages, many prescriptions call for vegetation changes 
to the established stands, e.g., harvesting of crop trees, regeneration cuttings in shel- 
terwood or group selection systems, thinning, sanitation removals of diseased or 
infested trees, or the spraying of herbicides on competing shrubs that affect crop 
tree growth. These prescriptions require accurate data at the subtree, tree, or, at 
the least, microstand level for efficient and effective management. This relevant 
data includes assessing tree height, form, quality, vigor, and species, as well as 
the tree's surrounding environment, e.g., stocking, growing space, species mix, and 
competition. 


27.3.1. Pretreatment Assessment 


Given its ability to reconstruct 3D forest structures and reliably estimate several 
biophysical parameters describing within- and below-canopy structure and func- 
tion, LiDAR has become an essential component of operational forest inventories in 
numerous countries (Maltamo et al., 2021; Næsset, 2007; White et al., 2016). Two 
main approaches for LiDAR have been developed: an area-based and an individual- 
tree approach. The former is aimed at large-scale assessments that have a coarse point 
density effective for producing a stand portrait. As the name suggests, the individual- 
tree approach relies on identifying and delineating trees, including species identifi- 
cation, direct estimation of height and crown parameters, modeled diameter at breast 
height, basal area, and volume. The area-based approach (ABA) is a model-based 
estimate in which canopy descriptors or metrics are predicted on the basis of regres- 
sion or discriminant analysis using accurate in situ plot data and height distribution 
(quantiles, percentiles, etc.) of LiDAR beam reflection (White et al., 2013). This 
method has demonstrated an accuracy of 4-8% for stem height, 6-12% for mean 
stem diameter, 9-12% for basal area, 17-22% for stem density, and 11-14% for 
volume estimates in boreal forest studies attempting to capture within-stand vari- 
ability (Holmgren, 2004; Maltamo et al., 2010; Næsset, 2007; Sibona et al., 2017; 
White et al., 2013). In the absence of tree-level information, this stand or micro- 
stand level of characterization has been applied in eastern Canada to aid silvicultural 
prescriptions, such as commercial thinning or salvaging (Lussier & Meek, 2014; 
Meek & Lussier, 2008). Integrating vigor information with LiDAR canopy stratifi- 
cation helped machine operators improve productivity by 4% (Fig. 27.4; Gaudreau & 
Lirette, 2020). Area-based estimates using digital aerial photogrammetry collected 
across a range of boreal forest types is comparable with that obtained via aerial 
LiDAR (Goodbody et al., 2019). McRoberts et al. (2018) and Fekety et al. (2015) 
note, however, some challenges of using ABA models in relation to their shelf life 
and temporal transferability. 
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Fig. 27.4 LiDAR-based stratification combined with image-based vigor for silvicultural prescrip- 
tion and operator assistance a ortho image, b vigor class, c canopy height model, and d logging 
map 


The extended history of aerial and satellite platforms carrying optical sensors, 
more recently combined with LiDAR, has produced a large body of work demon- 
strating the successful implementation of remote sensing to studies of canopy vegeta- 
tion (Cerrejón et al., 2021). Multiple approaches exist for quantifying and estimating 
the structural and compositional parameters of interest and spatially mapping these 
parameters at various spatial scales. Generally, very-high-resolution imagery in 2D, 
stereoscopic, or overlapping imagery in 3D is visually interpreted based on the cali- 
bration of a series of field plots combined with guidelines related to the vegetation in 
terms of foliage color, texture, crown shape, and branching structure (Corbane et al., 
2015). Semi- or fully automated workflows can be summarized as segmenting the 
image into homogeneous objects (a tree, a collection of trees, or a stand) and then (1) 
estimating directly the structural or compositional parameters of interest or (2) esti- 
mating these parameters indirectly through proxy variables. Segmentation, in partic- 
ular individual tree crowns (ITC), is 2D raster-based (either multispectral images, 
grayscale images, or CHM) and 3D point clouds (photogrammetric or LiDAR). 

Separating vegetation from its background and assuming the brightest pixel to 
the highest point of the foliage on high-resolution 2D images (similar to raster-based 
CHM models), rule-based semi- or fully automated approaches can then extract tree 
crowns. Accuracy varies with GSD and by partitioning images into homogeneous 
forest stands; for instance, an accuracy of 60% (70 cm resolution) to 89% (31 cm) 
has been estimated for open coniferous to more complex mixedwood boreal forests, 
respectively (Katoh & Gougeon, 2012; Leckie et al., 2005). The number of trees 
per species depends on ITC accuracy, which improves when understory species 
are eliminated. Two-dimensional models may help with segmentation when esti- 
mating species density, although the structural assessment of canopies also requires 
determining canopy height. 
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Digital aerial photos (DAPs) combined with stereoscopic (visual) or digital 
photogrammetry can reconstruct a 3D forest canopy. Image matching and, more 
recently, computer-vision techniques such as SIFT (scale-invariant feature trans- 
form) combined with structure from motion (SfM) are very commonly used to esti- 
mate the 3D forest canopy from sequences of overlapping 2D images, e.g., images 
captured from a drone. If an accurate DTM is derivable, which can be difficult in 
complex, mature stands, DAPs can estimate the structural variables of the uppermost 
canopy, e.g., height, basal area, volume, quite accurately, comparable with the accu- 
racy obtained using aerial LiDAR (Baltsavias, 1999; Goodbody et al., 2019). When 
DTM from an image is not derivable, a simple solution is to have a coregistered 
LiDAR or SRTM DTM for DAP point normalization or canopy surface generation 
(St-Onge et al., 2015). Three-dimensional forest canopy models can be useful for 
silvicultural prescriptions when data acquisition is optimally timed before an oper- 
ation is planned. It is also possible that rapid and near-real-time inventory measure- 
ments, e.g., canopy cover, based on ocular estimates are made with an improved 
precision using nadir—the sensor looking vertically downward—images from a 
drone. UAV-SfM estimates of several inventory variables are comparable to those 
of LiDAR in terms of root mean square error for dominant height (3.5%), Lorey's 
height (13.3-14.4%), stem density (38.6%), basal area (15.4-23.9%), and timber 
volume (14.9-26.1%) (Puliti et al., 2015; Tuominen et al., 2015). 

Although raster-based ITC approaches can segment most of the top canopy, 
potential segmentation within the multilayered vertical structure of the canopy to 
capture subcanopy elements—especially using LiDAR echoes from above-canopy 
platforms—is possible through point-based clustering. Hamraz et al. (2016) obtained 
>94% detection rate for dominant and codominant trees in complex stands. Because 
of the ultra-high-density data in current LiDAR systems, there is also a greater possi- 
bility ofextending techniques to direct and nondestructive estimates of a suite of stem- 
quality determinants with a high level of accuracy, including estimates of crown base, 
clear stem, stem taper, stem straightness, and branchiness (Vepakomma & Cormier, 
2017, 2019). This offers great potential in the more refined selection of trees on the 
basis of target mill product specifications and automated bucking, where each tree 
can be analyzed at the stump to optimize its market value (Fig. 27.5). 

Distinct tree architecture and branching patterns can be observed from high density 
LiDAR (Fig. 27.5). A 77.896 accuracy has been achieved in distinguishing predom- 
inantly boreal tree species by correlating estimated LiDAR features to vertical and 
horizontal foliage patterns (Li & Hu, 2012). Use of the textural or spectral intensity 
of multiwavelength LiDAR improved the accuracy (Budei et al., 2018). However, 
given the easy availability of optical images, spectral-based species discrimination 
is the most suitable, rapid, and pragmatic means of mapping large forest spaces. 

Accuracy in tree species classification has improved through a priori crown extrac- 
tion (Dalponte et al., 2014), although Heinzel and Koch (2011) found pixel-based 
classification improved the undersegmentation of crowns. While very-high spatial 
and super-spectral-resolution images such as the Worldview series are promising, the 
automated discrimination of more than ten tree species has been achieved with 8296 
accuracy using high-spatial-resolution MSS data (Immitzer et al., 2019). Accuracy 
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improved greatly when models were adapted to narrowband hyperspectral sensors 
(Fassnacht et al., 2014; Modzelewska et al., 2020). Hyperspectral data, neverthe- 
less, is data- and process-intensive and is restricted to being the most successful 
when collected in bright light conditions. Some researchers have found that sensor- 
fusion approaches, such as MSS or hyperspectral data with LiDAR, have improved 
species discriminability in boreal regions (Dalponte et al., 2014; Trier et al., 2018). 
These models identified as many as 19 species at 8796 accuracy. Because temporal 
variability is a critical factor for species discrimination and there is an existing insuf- 
ficiency of training samples, drone-based solutions can serve to map at local scales 
and develop a reference database (Fassnacht et al., 2014; Natesan et al., 2020). After 
iteratively building tree libraries from drone-based simple RGB images acquired 
in variable light-season-year conditions, Natesan et al. (2020) discriminated five 
conifer species at 73-91% accuracy (Fig. 27.6) and adaptively improved this library 
to identify six more deciduous taxa at over 79% accuracy in boreal regions. 

An indicator of forest health is a forest's resistance and resilience to disturbances 
and its ability to adapt to climate change over the long term. Altered structure, 
functioning, or taxonomy because of the physiological stress of resource limitation, 
disease, or disturbances occur at all spatial (vertical and horizontal) and temporal 
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Fig. 27.6 Tree species recognition using an extensive image library from UAV-based RGB images; 
a automated crown delineation, b extracted crowns for training, c softwood species classifica- 
tion. Modified with permission from Canadian Science Publishing, permission conveyed through 
Copyright Clearance Center, Inc., from Natesan et al. (2020) 


scales; nevertheless, capturing early signs can help minimize disturbance-related 
damage. Using the concepts of spectral traits and their variability (direct or proxy 
variables of forest health), Lausch et al. (2013) conducted an extensive review of the 
best PSC and available techniques for quantifying or qualifying short- to long-term 
monitoring of vigor. Close-range sensing improves precision or calibrates spectral 
responses of stress or disturbance in airborne remote sensing (Fassnacht et al., 2014). 
Slight declines in chlorophyll or moisture levels (identifiable through hyperspectral 
sensing) have helped provide early warnings of bark beetle (Fassnacht et al., 2014; 
Safonova et al., 2019) and herbivorous insect (Cardil et al., 2017; Meng et al., 2018; 
Vepakomma et al., 2021) infestations. There has been some success in identifying 
isolated impacted trees to group mortality (Fassnacht et al., 2014; Sylvain et al., 
2019) and distinguishing the effects of multiple disturbances, e.g., pine blister rust 
and mountain pine beetle (Coops et al., 2003; Hatala et al., 2010). 


27.3.12 During Treatment 


Planning and executing forest operations is as much about following best practices 
as it is avoiding changing or damaging cultural remnants and special biotopes or 
transgressing property borders. LiDAR has been used to detect cultural heritage 
sites (Risbgl et al., 2014) and map habitat characteristics with the possibility of 
earmarking areas that must be avoided (Evju & Sverdrup-Thygeson, 2016). Proximal 
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scanning also shows a strong potential in providing decision support during opera- 
tions. For example, the rapid detection and estimates of stand density, tree position, 
and stem diameter (Holmgren et al., 2019) has helped with thinning tree selection 
and allowed data to be collected on individual tree selection by harvester opera- 
tors through modeling of which tree the operator might select a priori (Brunner & 
Gizachew, 2014) or during operations (Gaudreau & Lirette, 2020). 


27.3.1.3  Post-operation Monitoring 


In most jurisdictions, standard practice involves compliance of contractual or regu- 
latory frameworks and a post-operation follow-up; for example, these can entail 
assessment of post-harvest renewal or establishment monitoring to ensure sustain- 
able production. The desired management objectives are typically to control stocking, 
species composition, survival, and growth. The distinct conical shape of conifer 
seedlings allows their easy detection for both planted trees and natural irregularly 
spaced stems. Vepakomma et al. (2015) distinguished conifer seedlings at least 0.3 m 
in height and estimated their size with a low average bias of 0.02 m through simple 
RGB images obtained from a drone. The data formed a basis for evaluating stocking, 
growing space, and regeneration gaps. By distinguishing competitive species, the 
models were further extended to qualify free-growing trees and assess regenera- 
tion compliance (Fig. 27.7). Pouliot et al. (2002) found that although the automated 
detection of six-year-old planted conifers was significantly high (at 9196), crown size 
extraction was sensitive to pixel resolution. In their case, they noted an 1896 error 
compared with field assessments. 


27.3.2 Terrain Features 


The cost, efficiency, and potential environmental impact of forest operations all 
depend greatly on terrain features, e.g., surface roughness, slope, obstacles, and 
hydrographic data (flow channels, slope, drainage, and wet areas). These features 
can be described at macro-, meso-, and microlevels. DTM at corresponding resolu- 
tions are derivable using RaDAR interferometry, e.g., inSAR from satellite, avail- 
able SRTM (Shuttle RaDAR Topographic Mission) data, LiDAR, or images using 
photogrammetric techniques where the ground is visible (Talbot & Rahif, 2017). 
Given the current technologies, LiDAR has proven to be the best available and most 
accurate tool for terrain assessments of mature stands. However, ALS with coarse 
data density can still provide a resolution greater than what planning methods can 
actually use (Talbot & Rahif, 2017). 

Knowledge of terrain surface roughness and the number of potential hazards, 
especially under a dense canopy or on steep slopes, is critical for operational safety. 
Full-waveform LiDAR has a higher chance of returns from dense terrain and enables 
the successful detection of hazards, such as protruding rocks over 2 m wide (Chhatkuli 
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Fig. 27.7 Automated coniferous regeneration assessment for UAV-based RGB images for reporting 
compliance; a orthorectified image, b species group map, c species-wise detected individual stems, 
d stem height calibration model 


et al., 2012). Slope and hydrographic features are directly derivable from a DTM, 
and model-based indices are used to identify wet areas and surface roughness (Agren 
et al., 2014; Murphy et al., 2008). Identifying surface features that could be potential 
hazards helps ensure the safe driving of machinery at a harvest site (Fig. 27.8; Li 
and Vepakomma, 2020). Wet-area maps, which are characterized by indices such as 
cartographic depth-to-water (DTW) or the topographic wetness index (TWI) help 
to assess soil, vegetation, and drainage type and are used by the machine operators 
during forest operations to avoid or mitigate site damage (Ring et al., 2020). Such 
maps constitute a considerable improvement in recent forest management data and 
the planning of forest operations (Talbot & Astrup, 2021). 


27.3.2.1 Pretreatment Assessment 


Harvesting planning. Forest operations alter the environment, which, most often, 
is desired and intended. Undesirable impacts occur in particular when moving mate- 
rial or equipment into the forest (Rummer, 2002). In practice, machine operators in 
Europe and the Americas use tree cover and ground information as a canvas to plan 
harvesting or the moving of equipment. Providing an automated feature extraction 
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Fig. 27.8 Hazard detection and model-based drivability map using ultra-high-density LIDAR data 
from a UAV; a detected hazards overlying an orthorectified RGB image, b modeled drivability 
index showing a gradient of drivable (green) to no-go areas (red), c digital elevation model, d rock 
outcrops captured by mobile LiDAR, e extracted stumps. Modified with permission from Li and 
Vepakomma (2020) 


from remote sensing as part of harvest planning can significantly minimize detri- 
mental factors. These features can then be fed into algorithms to identify potential 
landings adjacent to roads or aid route optimization (Flisberg et al., 2021). In ground- 
based harvesting, the skid trail layout should be adapted to both the topography and 
the soil bearing capacity. Rónnqvist et al. (2020) combined digital elevation models, 
depth-to-water maps, and LiDAR-based tree volumes to spatially optimize extrac- 
tion routes. In steep terrain, identifying suitable load paths for cable yarding and 
maximizing the use of each yarder setup is essential for optimizing economic perfor- 
mance. Detection of suitable end trees (tail spars) and intermediate support trees 
and discerning actual terrain form between contour lines—previously carried out by 
manual profile surveys—can now be easily replaced by LiDAR assessments (Dupire 
et al., 2015; Søvde, 2015). 


Roads and transport. Monitoring forest road conditions includes gathering infor- 
mation on road geometries, surface conditions, condition of the drainage system, 
the presence of vegetation, and seasonal damage (Talbot & Rahif, 2017). Regular 
geometric shapes such as roads are easily discernable on images and high-resolution 
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LiDAR, which can be used to provide information on widths, curve geometries, and 
slope (White et al., 2010). Similar to the in-field driving applications, Waga et al. 
(2020) used LiDAR-derived TWI models to predict road quality. They obtained an 
accuracy of up to 70 and 86% when the models were combined with other vari- 
ables, such as surface quality index and soil type. Surface quality factors, including 
roughness, gradient, and camber, can also be recorded from a vehicle using a profilo- 
graph and then entered into the model to determine the effect of these factors on fuel 
consumption during timber hauling (Svenson & Fjeld, 2016). 


27.3.2.2  Post-treatment Assessment of Disturbances 


Harvest compliance in many jurisdictions includes minimizing rutting and damage to 
soils (Talbot & Rahif, 2017). Remote sensing can help locate and characterize ruts and 
assess the level of soil disturbance caused by an operation (Pierzchała et al., 2016). 
Haas et al. (2016) used photogrammetry to quantify variations in rutting related to 
tires of differing dimensions and the use of steel bands on forwarders. In a similar 
analysis, Marra et al. (2018) considered differences in tire pressure and the effect of 
several forwarder passes on rut development. Although this information is helpful at 
an individual rut level, remote sensing can also help locate and characterize ruts at the 
site level. Nevalainen et al. (2017) proposed a method for measuring rut depths from 
point clouds derived from images captured from a UAV. Talbot et al. (2018) used UAV- 
based orthomosaics to determine the extent and severity of rutting at a stand level and 
developed a method to reduce the need for field sampling in assessing site impacts. 
However, photogrammetry-based solutions have their limitations; for example, light 
and weather conditions can affect accuracy. Moreover, although surface models can 
be generated, occlusion greatly limits information related to site conditions for sites 
under a partial canopy or under brush mats on the ground. 


27.4 Remote Sensing-Enabling Autonomy 


The automation of the remote sensing information feed for active decision support 
and adaptive forest management is very close to reality. Embedded sensors that 
were used to remotely monitor hazardous or inaccessible environments (e.g., nuclear 
reactors or rail tracks) are being applied to the proximal monitoring of machine 
movements and perception of surrounding forest environments (Holmgren et al., 
2019). SLAM, through onboard sensors such as 2D LiDAR scanners and stereo- 
cameras, has demonstrated its potential in estimating machine pose with reference 
to its complex unstructured forest surroundings either in combination with GPS 
(Pierzchata et al., 2018; Tang et al., 2015) or using only visual odometry in GPS- 
denied environments (Chandail & Vepakomma, 2020). 

The last decade has seen a gradual paradigm shift toward developing “intelli- 
gent" machines converging with sensing systems, thereby moving from automation 


27 Remote Sensing at Local Scales for Operational Forestry 677 


to autonomously navigating and negotiating different entities. In the aerial sector, 
miniaturized vision systems and artificial intelligence (AI) combined with remotely 
piloted systems or fully autonomous UAV swarms can now monitor and provide 
real-time situational awareness. For example, Hummingbird drones mounted with 
infrared-sensing instruments and AI are now used for fire monitoring (www.hum 
mingbirddrones.ca). There is a movement away from man-heavy to man-light oper- 
ations in manufacturing, agriculture, and mining sectors focusing on improving 
productivity or safety under challenging conditions. Although the forestry sector 
mandates environmentally friendly systems, the harsh diverse forest environment 
and obstacle-ridden forest floor may tax the limits and the reliability of all types 
of instruments (Billingsley et al., 2008). Although challenging to implement, the 
automation and autonomizing of future forestry is the focus of considerable research 
through programs, such as Forestry 4.0 (Canada, https://web.fpinnovations.ca/for 
est-operations-solutions-to-help-the-canadian-forest-industry/forestry-4-0/, https:// 
www.youtube.com/watch?v=r4vhLQ8OEP0) or Auto? (Sweden, Gelin et al., 2021), 
and the application of such programs to forestry issues (e.g., forest fire management, 
Sahal et al., 2021). 

The success of any current or future forest management, particularly when dealing 
with triggered changes from extreme climate change-induced events, will require a 
prompt, timely, and reliable information feed. Remote sensing has been evolving, 
emerging, and converging with enabling technologies and offers reliable decision 
support and can ensure safer forest operations. 
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Abstract Applications of network science to forest ecology and management are 
rapidly being adopted as important conceptualization and quantitative tools. This 
chapter highlights the potential of network analysis to help forest managers develop 
strategies that foster forest resilience in our changing environment. We describe 
how networks have been used to represent different types of associations within 
forest ecosystems by providing examples of species interaction networks, spatial 
and spatiotemporal networks, and social and social-ecological networks. We then 
review basic measures used to describe their topology and explain their relevance 
to different management situations. We conclude by presenting the challenges and 
potential opportunities for an effective integration of network analysis with forest 
ecology and management. 
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28.1 Introduction 


Understanding how human activities modify the structure and function of forest 
ecosystems is a central challenge for achieving sustainable forest management. To 
this end, in recent decades, forest scientists have started applying network theory to 
ecosystem management (Dale & Fortin, 2010, 2021; Fall et al., 2007; Hamilton et al., 
2019; Martin & Eadie, 1999; Rayfield et al., 2011). Network theory provides a novel 
framework for designing effective strategies intended to maintain forest functions 
while conserving biodiversity (Aquilué et al., 2020; D' Aloia et al., 2019; Messier 
et al., 2019; Ruppert et al., 2016). 

Forest ecosystems are composed of highly heterogeneous elements—organisms 
to forest stands—that interact through ecological processes over a wide range 
of temporal, spatial, and organizational scales (Filotas et al., 2014). Specifically, 
network theory can be used to model forest ecosystems as ensembles of connected 
elements (Aquilué et al., 2020; Mina et al., 2021; Ruppert et al., 2016). Examples 
include food webs linking species across several trophic levels (Eveleigh et al., 2007), 
nest webs linking species across microhabitat structures such as tree cavities (Martin 
et al., 2004), isolated forest fragments connected by wind or animal dispersed seeds 
(Aquilué et al., 2020), and social organizations engaged in a common management 
effort (Fischer & Jasny, 2017). Network analysis focuses on describing the topology 
of interactions linking elements together and can establish a relationship between 
this network topology and forest functions for management purposes (Ruppert et al., 
2016). In particular, network analysis can be used to quantify the alteration of forest 


C. Brimacombe - M.-J. Fortin 

Department of Ecology and Evolutionary Biology, University of Toronto, 25 Willcocks Street, 
Toronto, ON M5S 3B2, Canada 

e-mail: chris.brimacombe @ mail.utoronto.ca 


M.-J. Fortin 
e-mail: mariejosee.fortin € utoronto.ca 


P. Drapeau 

Centre for Forest Research and UQAT-UQAM Chair in Sustainable Forest Management, 
Université du Québec à Montréal, P.O. Box 8888, Stn. Centre-Ville, Montréal, QC H3C 3P8, 
Canada 

e-mail: drapeau.pierre @uqam.ca 


W. S. Keeton 

Rubenstein School of Environment and Natural Resources and Gund Institute for Environment, 
University of Vermont, 81 Carrigan Drive, Burlington, VT 05405, USA 

e-mail: william.keeton ? uvm.edu 


C. Messier 
Département des Sciences Naturelles, Institut des Sciences de La Forét Tempérée, Université du 
Québec en Outaouais, 58, Rue Principale, Ripon, QC JOV 1V0, Canada 


M.-J. Fortin 
Département des Sciences Naturelles, Institut des Sciences de La Forét Tempérée, 58 Rue 
Principale, Ripon, QC JOV 1V0, Canada 


28 Network Framework for Forest Ecology and Management 687 


functions resulting from human-mediated and natural disturbances that directly or 
indirectly modify the ecological components of forest ecosystems, including their 
interactions and spatial setting (Aquilué et al., 2020). 

A network is a simplified representation of a system based on connections— 
links—among its component elements—nodes. A food web, for example, is a 
network representing the trophic interactions among an ecosystem's constituent 
species (Pimm et al., 1991). Each element in a network is represented by a node, 
also called a vertex, which may be connected to other nodes by links, also called 
edges, representing potential or realized interactions between two elements. Nodes 
are defined by one or more attributes and their connections to other nodes. Links may 
be unidirectional or bidirectional and may be weighted to express the strength of an 
interaction. In a food web, for instance, nodes represent species, and links represent 
predator-prey interactions among species (Ings et al., 2009). A unidirectional link 
would represent a predator species feeding on a prey, whereas a bidirectional link 
could represent a mutual interaction or dependency between two species. Moreover, 
a node could be characterized by its species’ abundance, and a link could be weighted 
to represent a predator's relative preference for a given prey. 

Network science originates from graph theory, a fundamental topic in the field of 
discrete mathematics that can be traced to the work of Euler in the eighteenth century 
(Newman, 2003). Nowadays, the study of networks is pervasive across all fields of 
science, including molecular biology, neuroscience, linguistics, and epidemiology 
(Newman, 2003; Strogatz, 2001; Turnbull et al., 2018). The World Wide Web, social 
media networks, and global plane travel networks are only a few of many examples 
of networks present in our everyday life. 

Network science continues to develop tools that characterize the topology of 
networks, a concept referring to the architecture of nodes and links. Moreover, it 
studies the possible relationships between a network topology and the ability of the 
corresponding system to function and adapt to disturbances. Generally, the strength of 
network science is the universality of tools available for studying disparate systems, 
varying widely in their nature and scale (Albert & Barabási, 2002). For example, the 
structure of a network can provide information about its vulnerability or adaptability 
to the loss or addition of nodes and links or the efficiency with which resources 
and information are propagated within the network (Fig. 28.1; Barabási & Albert, 
1999; Watts & Strogatz, 1998). Will a food web collapse following the extinction of 
a given species? Is an epidemic more likely to spread within a population if a given 
demographic group is infected? Can consensus within a community divided over an 
environmental issue be improved by creating new communication channels? These 
and other important basic and applied science questions can be answered using the 
methods from network science. 

The application of network theory to ecology and evolutionary biology has seen 
a remarkable development over the past 20 years (Dale & Fortin, 2010; Kool et al., 
2013; Proulx et al., 2005). Well-studied ecological networks include protein and gene 
networks (Jeong et al., 2001; Vidal et al., 2011), pollination networks (Bascompte 
et al., 2003; Memmott et al., 2004), food webs (Dunne et al., 2002a), nest webs 
(Martin et al., 2004), and habitat conservation networks (Urban & Keitt, 2001). 
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Fig. 28.1 Different topologies of undirected networks. a Regular network in which all nodes have 
the same number of connections; b a small-world network constructed by rewiring a few nodes 
of a regular network, thereby reducing its diameter and making each node easily accessible from 
any other nodes of the network (Watts & Strogatz, 1998); c a scale-free network created by adding 
connections to nodes with a probability that increases with their number of connections such that 
well-connected nodes become even more connected. Such networks are more vulnerable to distur- 
bances that target hubs (Barabási & Albert, 1999). d Random networks in which the number of 
connections is randomly assigned to each node 


Specific applications of network science to forest ecology and management are more 
recent, but this approach is rapidly gaining adoption as an important conceptual- 
ization and quantitative tool. For example, networks are used to understand how 
locally interacting entities drive forest ecosystem functions and inform management 
strategies that more directly integrate cross-scale interactions (Messier et al., 2019). 

This chapter highlights the potential of network thinking to address key issues 
of cross-scale interactions in forest ecology and management. First, we describe 
how networks have been used to represent different types of associations within 
forest ecosystems by reviewing examples of species interaction networks, spatial 
and spatiotemporal networks, and social and social-ecological networks. We explain 
how nodes and links can be defined and synthesize the particular features that char- 
acterize each network type. Then, we review basic measures used to quantify the 
structure of networks and explain their relevance to different management situations. 
We conclude by presenting the challenges and potential opportunities for an effective 
integration of network analysis with forest ecology and management. The network 
framework may prove invaluable in helping forest managers to better anticipate and 
adapt to global change. 


28.2 Representing Forests with Networks 


As with any network, the identification of nodes and links varies with the questions 
of interest and with respect to how the system under study can be decomposed 
into sets of distinct and interacting components (Table 28.1). Here, we describe 
different network categories employed in forest ecology and management. These 
categories differ in the nature of nodes, including individual species, forest stands, 
and governance institutions. Consequently, the type and scale of interaction among 
nodes also vary between these categories. 
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28.2.1 Species Interaction Networks 


In networks of species interactions, a single species sometimes provides a natural unit 
for denoting a node. This is the case, for example, in pollination networks (Devoto 
et al., 2011; Vázquez et al., 2009), host-parasitoid networks (Memmott et al., 1994), 
and nest webs (Martin & Eadie, 1999; Martin et al., 2004). However, other systems 
may highlight the need for different aggregation units, such as species playing a 
common function or a guild of species with a similar trophic position (Dunne et al., 
2002a). Links between nodes denote potential or realized interspecific interactions 
that may or may not involve biomass transfer, including antagonistic (e.g., plant— 
herbivore and host-parasitoid networks), mutualistic (e.g., pollination networks), 
symbiotic (e.g., mycorrhizal network), and commensal associations (e.g., nest webs) 
(Delmas et al., 2019). 

Networks of interspecific interactions may be unipartite, meaning that any two 
nodes may interact, or they may be ordered over multiple hierarchical levels where 
only nodes in different levels can interact (Fig. 28.2a; Delmas et al., 2019). In nest 
webs, which represent the relationships among tree species and cavity-nesting verte- 
brates, links connect tree species to one or more nidic levels (Martin & Eadie, 1999; 
Martin etal., 2004; Ruggera et al., 2016). These levels consist of cavities that originate 
either from tree decay or from animal excavators, and also include obligate cavity 
users, which cannot excavate a cavity and thus depend entirely on existing cavities for 
nesting (Cockle et al., 2019; Martin et al., 2004). Host-parasitoid networks may also 
encompass lower (plant-herbivore) and higher (parasitoid-hyperparasitoid) trophic 
levels (Eveleigh et al., 2007). On the other hand, some networks focus on repre- 
senting the associations between two levels only, such as pollinator-plant (Devoto 
et al., 2011; Gómez-Martínez et al., 2020), plant-herbivore (Cagnolo et al., 2011), 
and plant-frugivore networks (Chama et al., 2013). Such networks, termed bipartite 
networks (Fig. 28.2b), can also be used to represent nest webs (Cockle & Martin, 
2015; Ruggera et al., 2016) and host-parasitoid networks over narrower scales of 
interspecific organization (Tylianakis et al., 2007; Van Veen et al., 2008). 

Ecological networks can also be used to represent mycorrhizal associations 
between plant roots and fungi, or relationships among algae, fungi, and sometimes 
bacteria within lichen (Southworth et al., 2005). Two different approaches may be 


(c) ¥ 


Fig. 28.2 Different categories of network in forest ecology. a Network extending over multiple 
hierarchical levels, e.g., food webs and nest webs; b a bipartite network where nodes are separated 
into two levels, e.g., pollinators (yellow) and plants (green); c an undirected spatial network where 
links denote potential least-cost movement between patches of habitat (green polygons) 
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adopted (Table 28.1). The first studies the bipartite network formed by the symbiotic 
interactions between the hosts (plant or algae species) and their associated (endo- 
phytic or endolichenic) fungi (Chagnon et al., 2012; Toju et al., 2015). The second 
adopts a phytocentric perspective where tree boles in a sampling plot correspond to 
nodes and links. This represents the pairwise connection of trees through the same 
fungal genet (Beiler et al., 2010, 2015; Simard, 2009; Van Dorp et al., 2020). 


28.2.2 Spatial and Spatiotemporal Networks of Forest 
Ecosystems 


In spatial and spatiotemporal networks, nodes are conceptualized as spatially local- 
ized units of contiguous area, such as forest stands that, when aggregated, compose 
forested landscapes (Table 28.1; Bunn et al., 2000; Fall et al., 2007; Pelletier et al., 
2017; Urban & Keitt, 2001). We can distinguish between habitat-patch networks and 
forest-stand networks. The former stresses the relationship between habitat patches 
for wildlife connectivity—usually for the conservation of a specific species or group 
of species of concern (Gurrutxaga et al., 2011; James et al., 2005; Ruppert et al., 2016) 
or to predict the spread of undesirable species (de la Fuente et al., 2018; Ferrari et al., 
2014; Wildemeersch et al., 2019)—-whereas the latter focuses on the connectivity 
of tree communities (Aquilué et al., 2020; Craven et al., 2016; Saura et al., 2011). 
Nodes are defined either by the GPS locations of organisms, bird nests (Melles et al., 
2012), and territories/home ranges or by delineated forested patches according to 
specific criteria, e.g., stand age, structure, and species composition (Aquilué et al., 
2020). Nodes can be characterized by spatial, e.g., area, shape, edge/area ratio, and 
nonspatial attributes, e.g., species diversity, habitat quality. 

In spatial networks, links between nodes denote the movement of animals or 
plant seeds, either as a potential or a relative measure (Bunn et al., 2000; Fall et al., 
2007; Urban & Keitt, 2001). Links can be determined according to species’ dispersal 
abilities and behavioral responses to the intervening landscape that facilitates or 
impedes organism movement (1.e., functional connectivity; Rayfield et al., 2010). 
Thus, links can be represented by the Euclidean distances between patches or as a 
function of movement cost. In this case, the distance between patches is weighted by 
the additional difficulty for a given species to disperse through the given matrix cover 
types (James et al., 2005). Consequently, spatial networks provide a framework to 
evaluate the functional connectivity of a landscape for a particular species or tree 
community, transcending simpler structural connectivity assessments. 

Unlike species interaction networks where links are mostly directed, thereby 
expressing relationships between consumers and their resource, spatial networks 
can have both directed and nondirected links and do not form a hierarchical structure 
(Fig. 28.2c). In habitat networks, links are nondirected because an animal’s ability to 
move between two habitat patches can, theoretically, be assumed to be the same in 
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both directions (Ruppert et al., 2016). On the other hand, in forest-stand networks, a 
node contains a community of tree species that differ in their seed dispersal ability 
(Tamme et al., 2014). Thus, the flux of seeds dispersing from one stand to another is 
not equivalent in both directions, leading to directed links between nodes (Aquilué 
et al., 2020). 


Box 28.1 Spatiotemporal networks 


In spatiotemporal networks, habitat patches or forest stands are dynamic, 
where: a the weights of both nodes and links change through time but not 
the network topology, b as in a although the topology changes through time, 
and c the nodes and links are given by organisms' movements. 


x. xs Le a 


&- © &— — © ox —— 9c 


ji e| ZA "E. 
Time 1 D TR 
Vv 3 aic. Or 
- © ee D 

To determine the degree of functional connectivity of a habitat network 
and how it changes through time, one can quantify connectivity at specific 
times as a series of static snapshots. However, the degree of connectivity 
can be affected by the temporal dimension of the forest dynamics relative 
to the species' longevity (Zeigler & Fagan, 2014). For this reason, one cannot 
treat habitat networks at different times as independent static snapshots. To 
address the effects of such transient dynamics of habitat patches, Martensen 
et al. (2017) proposed a novel spatiotemporal connectivity algorithm to quan- 
tify the sequential spatial overlaps of habitat patches that are available to 
account for a temporal window matching species life history. Martensen et al. 
(2017) showed—by considering explicitly in their algorithm the spatiotemporal 
dimension of habitat patches and species dispersal abilities—that the transient 
use of habitat patches can favor a higher degree of connectivity compared with 
static spatial connectivity values. 


Spatiotemporal networks express relationships within and between spatial 
networks at different times (Huang et al., 2020; Martensen et al., 2017). They add 
the temporal dimension to spatial networks by integrating the dynamic nature of 
forest stands and habitat patches (Box 28.1). They capture the fact that ecological 
processes and disturbances affect the persistence and attributes of spatial nodes. For 
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example, tree communities within forest stands and habitat patches undergo succes- 
sional changes and are modified by natural disturbances (e.g., fire, insect outbreak, 
drought, and windthrow) and human activities (e.g., harvesting and land-use change). 
If network nodes change too quickly or are destroyed, organisms may not have time 
to reach other suitable nodes. Therefore, nodes and links that were present in a static 
spatial network could be absent in a spatiotemporal network. Moreover, this frame- 
work allows for the representation of indirect links between patches to indicate that 
an organism has moved through an intermediate stepping-stone patch that has been 
gained or lost during the two different time observations. 


28.2.3 Social and Social-Ecological Networks 


Nodes in social networks represent any social entity, from single individuals, e.g., a 
forest owner or user, to collectives of individuals, e.g., forest management organiza- 
tions, forest-based communities, or groups of stakeholders sharing similar interests 
or belonging to the same governance sectors (Guerrero et al., 2020). Links between 
these social entities can correspond to both formal and informal relationships and 
represent (1) flows (e.g., information, resources, and money), (2) social relations (e.g., 
employee of, neighbor of) and interactions (e.g., work with, share information to), 
and (3) similarities (e.g., same location, same attitude) (Borgatti et al., 2009; Guer- 
rero et al., 2020). Nodes may be characterized by demographic and social/cultural 
attributes (e.g., age and occupation), attitudes and behaviors toward a management 
or conservation issue, and features of the corresponding organization, e.g., size, 
mission, and governance level. Links can be weighted according to the strength of 
the relationship or frequency of the interaction (Guerrero et al., 2020). 

Depending on the social system under study and the types of relationships consid- 
ered, links in social networks can be directed, e.g., sharing information to, or undi- 
rected, e.g., same conservation goal as another entity, and form different hierarchical 
structures ranging from one to multiple levels of governance that include several 
jurisdictions and geographic areas (Fischer, 2018; Guerrero et al., 2020). Moreover, 
social networks are shaped by processes specific to human and social interactions, 
such as homophily, intentionality, and reciprocity (Fischer & Jasny, 2017; Guerrero 
et al., 2020; Knoot & Rickenbach, 2014). Homophily refers to the tendency to be 
connected to people having similar values and goals, whereas intentionality refers to 
the conscious choice to associate (or not) with someone else, and reciprocity is the 
tendency for mutual interactions. 

Social-ecological systems can also be represented by networks (Folke, 2006; 
Kleindl et al., 2018) and aim to capture the interplay and possible feedbacks between 
human decisions and actions in managing an ecosystem and the structure and function 
of that ecosystem (Bodin, 2017; Bodin & Tengó, 2012; Fischer, 2018; Janssen et al., 
2006). Generally, social-ecological networks are used in the context of governance 
challenges emerging from (1) a scale mismatch between the ecological and the social 
processes operating in the system, (2) competition for access, use, or management of 
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a shared ecological resource, and (3) sensitivity to the order with which management 
activities are realized, e.g., steps to take to reduce risk (Bodin et al., 2019; Hamilton 
et al., 2019). Therefore, social-ecological networks comprise both ecological and 
social nodes and focus on the interdependencies between these various kinds of 
nodes. For example, a social-ecological link could represent timber harvesting by a 
forest owner (social node) in their forest stand (ecological node). Ecological nodes 
usually consist of groups of plants or animals, or have a spatial dimension, such as 
specific forest patches. However, more aggregated biophysical forms, e.g., ecosystem 
services (Dee et al., 2017), may be a more appropriate node representation when 
social-ecological interactions are associated with specific ecological functions that 
are produced by multiple ecological entities (Bodin et al., 2019). 

Social-ecological networks may develop via human activities that create inter- 
actions between ecological elements (Janssen et al., 2006). For example, firewood 
movement between localities is associated with the wide dispersal of emerald ash 
borer (Agrilus planipennis) across North American forests (Siegert et al., 2015), 
and the construction of forest roads has been associated with increased gray wolf 
(Canis lupus) movement across managed forest stands (Courbin et al., 2014). Social 
interactions may also emerge from ecological connections. For instance, when two 
organizations managing distinct forest lands decide to collaborate on a wildfire risk 
mitigation strategy following a forest fire that has burned across both lands (Hamilton 
et al., 2019). Sayles et al. (2019) distinguished between different kinds of social- 
ecological networks depending on how nodes and links are defined: (1) multiplex 
networks in which all nodes can be connected by social and ecological links; (2) multi- 
level networks in which social and ecological nodes are viewed as being on different 
layers and only one interaction between any two nodes is considered; and (3) multi- 
dimensional networks in which nodes are represented as in multilevel networks, but 
multiple interactions between nodes are possible (Fig. 28.3). 


Galva 


[ER d 


Fig. 28.3 Different frameworks to represent social-ecological networks, as suggested by Sayles 
et al. (2019). a Multiplex network where nodes (black circles) can be either social or ecological and 
connected by both social and ecological links; b and c multilevel networks with social (blue circles) 
and ecological (green polygons) nodes on different layers. Nodes are connected by intralayer links 
(blue or green) and/or interlayer links (orange). In b, only one link exists between pairs of nodes, 
and in c multiple interactions between nodes are possible, as in multiplex networks 
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28.3 Network Analysis 


Multiple statistical measures can be extracted from networks to describe their archi- 
tecture and determine the degree to which a system is connected, how interactions 
are distributed among nodes, and whether specific nodes occupy important positions. 
These measures are then used as indicators to better understand the system's function 
and its robustness or capacity to adapt to changing conditions and disturbances. Table 
28.2 presents a few key fundamental network metrics; more in-depth discussions 
can be found in the literature on networks (Newman, 2003; Strogatz, 2001) and their 
application to community ecology (Bersier et al., 2002; Blüthgen et al., 2006; Delmas 
et al., 2019; Proulx et al., 2005), conservation biology (Dale & Fortin, 2010; D’ Aloia 
et al., 2019; Galpern et al., 2011; Rayfield et al., 2011) and social (Bodin et al., 2006) 
and social-ecological systems (Janssen et al., 2006). Most measures described in 
Table 28.2 are general and apply to all types of networks, emphasizing the univer- 
sality of many network metrics. However, a small number are specific to certain types 
of networks. For example, specialization is a measure used in bipartite networks, 
whereas connectivity is used in spatial networks. Network measures are termed 
qualitative when they apply to binary networks, i.e., networks with unweighted links 
that only report the presence or absence of interactions, or quantitative when they 
apply to weighted networks in which links represent the strength or frequency of 
interactions. Table 28.2 largely focuses on qualitative measures but includes some 
quantitative measures, e.g., specialization. 

The most general measures used to describe a network are its order, meaning 
the number of nodes in the network, and its size, which is the number of links. 
These descriptors already provide an idea of the extent and possible complexity 
of the network. The average number of links per node measures the density of the 
network. In social webs, a high density is often associated with a better exchange 
of information among actors. This can facilitate the development of new ideas and 
also improve collective actions in natural resource governance (Bodin et al., 2006). 
Conversely, an extremely dense network of actors can homogenize information and 
impede the development of new knowledge. It can also be associated with a reduced 
diversity of management practices that could lead to lock-in and limit the capacity 
of actors and organizations to come up with novel strategies to adapt to changing 
conditions (Bodin et al., 2006; Janssen et al., 2006). 

A measure similar to linkage density is connectance, the proportion of potential 
interactions that occur. Connectance is the term used to determine species interactions 
within ecological networks. It can be a good indicator of the sensitivity of ecological 
communities to disturbances resulting in the loss of species (Dunne et al., 2002b; 
Montoya et al., 2006). Connectance is also associated with community dynamics 
and may be used to understand variations in population density or infer potential 
indirect interactions (Van Veen et al., 2008). A spatial analog of connectance is 
functional connectivity, which applies to species-habitat and forest-stand networks. 
Functional connectivity is a species-specific measurement, as species perceive forest 
fragmentation differently depending on their movement ability. Multiple indices 
of connectivity exist, all with the general purpose of determining the availability 
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Table 28.2 Measures to quantify network structures and the corresponding illustrations. a Two 
networks having the same order, but the smaller-sized network (right) has a smaller linkage density 
and connectance but a longer diameter (depicted by the number of links separating the two blue 
nodes); b two spatial networks of the same order but one (/eft) has a larger size and a higher 
connectivity. c The yellow node has a lower degree than the red node. The vulnerability (number 
of blue links) of the red node is identical to its generality (number of purple links). d Pink nodes 
are generalists, whereas blue nodes are specialists. e The red node (right) has a low clustering 
coefficient, whereas the red node (/eft) has a high clustering coefficient; thus, it forms a clique with 
its neighbors. f The red node has the highest betweenness centrality in this network. g The degree 
distribution is homogeneous when all nodes have similar degrees (left) and is heterogeneous when 
degrees vary among nodes. h The bipartite network (/eft) has a nested structure contrary to that on 
the right. i A high modularity network (/eft) contains six modules, whereas the other network (right) 
lacks a modular structure. This table constitutes a nonexhaustive list of measures. Interested readers 
should consult references cited in the main text for a deeper exploration of network measures 


General Measures 


Order 
Total number of nodes 


Size 
Total number of links 


Linkage density 
Average number of links per node 


Diameter 

Longest of the shortest paths 
between all pairs of nodes in the 
network 


Connectance 
Number of links over the total 
possible number of links 


Connectivity 

The degree to which spatial nodes (b) 
are reachable through internode 
movement 


Node-Level Measures 


Degree 
Number of links for a specific node 


Specialization 
Diversity of partners for a given 
species 


(continued) 
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Table 28.2 (continued) 


Clustering coefficient 
Degree to which neighbors of a node (e) 


Q 
are connected acd 
F LÍ ~ ~ 
SV 1 


Betweenness centrality 

Number of times a node sits in a 
path between all pairs of nodes in 
the network 


Network-Level Measures 


Degree distribution 
Frequency distribution of degrees in (g) 
the network 


> 


Homogeneous Heterogeneous 


Nestedness 

Degree to which specialist species 
interact with a subset of the group of 
species with which generalists 
interact 


Modularity 
How closely connected nodes are 
divided into modules 


of habitat for a given species (Rayfield et al., 2011). Therefore, these indices are 
modulated not only by the number of patches and their connections but also by their 
area. For example, the probability of connectivity index is a quantitative measure 
that corresponds to the probability that two individuals randomly placed in habitat 
patches across the landscape can reach each other (Saura & Pascual-Hortal, 2007). 
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Functional connectivity measures are useful for conservation planning, such as 
designing reserve networks (D' Aloia et al. 2019; James et al., 2005; Saura & Pascual- 
Hortal, 2007) or evaluating changes in forest connectivity over time (Saura et al., 
2011). They may also be used when planning harvesting operations. Ruppert et al. 
(2016) developed a heuristic procedure to schedule timber harvesting on the basis of 
a trade-off between wood volume and habitat connectivity for the woodland caribou 
(Rangifer tarandus caribou). Tittler et al. (2015) compared the habitat connectivity 
of various wildlife species across management strategies that differed in their distri- 
bution and aggregation of forest cuts. Functional connectivity is also considered a 
critical component of forest resilience (Box 28.2; Aquilué et al., 2020; Craven et al., 
2016; Mina et al., 2021). High connectivity implies that source-sink dynamics may 
be possible in a fragmented forest landscape whereby disturbed forest patches can 
regenerate by receiving seeds from unaltered patches (Craven et al., 2016). 


Box 28.2 Effect of Landscape Management and Disturbances on a Forest 
Patch Network 


Forest patch area 
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The variations in patch centrality in a spatial network of forest patches across 
increasing levels of timber harvesting; a no harvesting, harvesting at b 596, and 
c 1046 tree cover. Nodes are colored according to the size of their corresponding 
forest patch. The diameter of each node is proportional to its betweenness 
centrality. Links between patches are directed and weighted according to the 
tree species composition within each node as well as the seed dispersal capacity 
of each tree species 

Spatial networks can guide landscape-scale forest management. Aquilué 
et al. (2020) used a network approach to model fragmented forest patches in 
a rural landscape in central Québec, southeastern Canada, and explore how 
connectivity among patches varied according to different management strate- 
gies—functional enrichment of current forest patches, plantations in newly 
created forest patches—and under different disturbance scenarios— timber 
harvesting, drought-induced mortality, and pest outbreak. Interested readers 
should read Chap. 31 for a discussion of the effect of functional enrichment on 
the resilience of fragmented landscapes. 

The above figure illustrates how tree harvesting affects the betweenness 
centrality of forest patches. Indeed, cutting trees has the effect of removing 
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small patches and reducing the flux of seeds that can travel among patches, 
thereby affecting the entire functional connectivity of the landscape. As a result, 
the importance of each patch in maintaining connectivity is altered by distur- 
bance. This figure also illustrates that small patches (dark color) can have a 
high centrality value (large diameter), emphasizing that the contribution of 
a forest patch to the connectivity of the landscape is not simply based on its 
surface area. 


The diameter of a network is the maximum number of links between any two 
network nodes and thus measures the extent to which nodes are accessible to each 
other (Janssen et al., 2006). The small diameter of a habitat network can indicate its 
susceptibility to the rapid spread of an invasive plant (Minor et al., 2009). In orga- 
nizational networks, a small diameter implies the existence of efficient channels to 
diffuse information (Bodin et al., 2006). Although a short diameter may be correlated 
with network density, this is not always the case. Linkage density does not account 
for how links are distributed among nodes. Therefore, it is possible to have a dense 
network characterized by a large diameter whenever nodes are distributed in a few 
well-connected clusters that are isolated from each other (Janssen et al., 2006). In 
social networks characterized by such a topology, shared information will tend to 
remain within clusters. 

Network analysis allows for the identification of nodes that play a key role in struc- 
turing the system. The degree is a node-level measure that, in an undirected network, 
corresponds to the number of links that connect a node. In directed networks, the 
degree can be decomposed into in-degree and out-degree. In food webs, the former is 
an indication of the vulnerability of a species, i.e., the number of predators, whereas 
the latter relates to its generality, i.e., the number of resources (Delmas et al., 2019). 
In a bipartite network, such as pollination, frugivore, and host-parasitoid networks, 
a similar concept is that of specialization, which corresponds to the diversity of 
interacting partners of a species (Blüthgen et al., 2006; Chama et al., 2013; Gómez- 
Martínez et al., 2020). Gómez-Martínez et al. (2020) found that the level of specializa- 
tion in bumblebee pollination networks decreased with the increased fragmentation 
of the surrounding forest landscape. Another related descriptor used in nest web 
studies is the species importance index. When measured for a tree species, this index 
corresponds to the proportion of bird species that use the particular tree species' 
cavities relative to the number of other tree species used by the same bird species. 
Identifying keystone tree species that cavity users and excavators routinely use is 
essential to define more specific conservation guidelines (Ruggera et al., 2016). 

The degree of a node is, therefore, a measure of its influence on other nodes 
and is one of multiple measures assessing the centrality of a node. For instance, in 
studying the mycorrhizal networks of interior Douglas fir (Pseudotsuga menziesii), 
Beiler et al. (2015) found that large trees had a higher degree centrality in xeric 
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plots compared with mesic plots. This analysis suggests that the role of large trees— 
in facilitating the survival and productivity of newly established seedlings through 
shared myccorhizal fungi—is more important under water-deficit conditions. 

In social webs, the organization having the highest degree can play a determining 
role in coordinating a group of organizations with diverging opinions on the best risk 
mitigation strategy, e.g., forest fire, toward a consensus (Bodin et al., 2006; Hamilton 
et al., 2019). Yet, a node with a low degree can also exert a central importance within 
the network if, for example, its position connects clusters of nodes that would other- 
wise be isolated. Such nodes are said to have a high betweenness centrality. Actors 
or organizations that occupy these bridging positions in social webs are essential 
for developing trust among parties holding conflicting views. In species-habitat and 
forest-stand networks, determining patches of high betweenness centrality helps 
identify patches that are not necessarily large but that still have a high conservation 
value because they enable wildlife species to move across the landscape from one 
region of well-connected patches to another (Aquilué et al., 2020; Gurrutxaga et al., 
2011). A spatial network is more vulnerable to the destruction of nodes having a high 
betweenness centrality because their loss can cause the fragmentation of the land- 
scape into unconnected components (Box 28.2; Aquilué et al., 2020). This destruction 
could result, for example, from harvesting, pest infestation, or forest fire. 

Different measurements can provide information about the possible asymmetric 
distribution of interactions within networks. The simplest approach is to derive 
the frequency distribution of degrees within a network, i.e., its degree distribution, 
which describes the level of degree heterogeneity. For example, scale-free networks 
(Fig. 28.1c) are characterized by a few highly connected nodes and a large number 
of poorly connected nodes. In one example, the degree distribution of the mycor- 
rhizal networks of Douglas-fir trees followed a scale-free distribution (Beiler et al., 
2010). The large mature trees in a plot had the most connections, suggesting that 
such networks are robust to the random loss of trees but fragile to the loss of large 
trees with consequences for the regeneration of the entire community of connected 
trees (Beiler et al., 2010). 

In weighted networks, one can measure the interaction diversity—a Shannon 
diversity of links—to quantify how degrees are distributed among nodes. For 
example, Cockle and Martin (2015) found that the interaction diversity of a nest web 
increased during a mountain pine beetle outbreak because the greater availability 
of cavity trees allowed for a wider variety of excavators and new opportunities of 
interactions with secondary cavity nesters. 

The clustering coefficient of anode measures the extent to which neighbors of that 
node are closely connected. In social webs, interconnected nodes with high clustering 
coefficients are said to form a clique. The formation of cliques, or clusters, results 
from the tendency of social partners to interact, a property of social interactions called 
transitivity. The presence of clusters may help maintain a heterogeneity of knowledge 
and experiences across the network. This may prove essential for innovation and 
adaptation to novel environmental conditions (Bodin et al., 2006). 
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Modularity measures the extent to which a network is divided into modules 
of well-connected nodes (also called compartments). Modularity is thus a concept 
similar to clustering. But while clustering applies to neighboring nodes, modularity is 
measured at the scale of the entire network (Delmas et al., 2019; Guimerà & Amaral, 
2005). The modularity of a nest web, for example, can indicate whether a conserva- 
tion strategy for a particular tree species will have a positive influence on an entire bird 
community of cavity excavators and nesters (if no modules are present) or whether 
strategies focusing on tree species in other modules are needed (Ruggera et al., 2016). 
For example, in analyzing the nest web of an Argentinian tropical forest, Ruggera 
et al. (2016) found that woodpeckers and nonexcavator birds formed distinct modules 
because the former interacts with both living and standing dead trees. In contrast, the 
nonexcavator birds use only decay-formed cavities in living trees. Consequently, they 
suggested that conservation efforts for cavity-nesting birds should focus on standing 
dead trees as much as on certain alive tree species. In species interaction networks 
and in spatial networks, a certain degree of modularity is beneficial to the system's 
stability or resilience because it impedes the negative cascading effects of species’ 
extinction or prevents disturbances from rapidly propagating across the network of 
forest patches (Messier et al., 2019; Stouffer & Bascompte, 2011). 

Nestedness is a characteristic of bipartite networks in which specialist species 
interact with a subset of the group of species with which generalists interact (Almeida- 
Neto et al., 2008; Delmas et al., 2019). Devoto et al. (2011) found strong nestedness 
in the moth pollination network of a boreal pine forest, which was associated with 
the dominance of a small core of generalist species that also interacted with the more 
specialized species. This asymmetric pattern made this hub of species, as well as the 
pollination service they provided, vulnerable to poor weather conditions. 

Networks can also be analyzed by measuring the frequency with which different 
motifs appear in their architecture (Delmas et al., 2019). Motifs are smaller subsets 
of interacting nodes that are viewed as the building blocks of networks (Table 28.3; 
Milo et al., 2002). By simulating random networks that conserve some key proper- 
ties of the observed network, e.g., order, size, and connectance, one can determine 
whether a particular motif occurs more frequently in the network than what would be 
expected by chance (Bodin & Tengó, 2012; Robins et al., 2007). In species interac- 
tion networks, motifs can be used to derive the different roles that individual species 
play in a network from their position in motifs (Stouffer et al., 2012). For example, 
Baker et al. (2015) found that despite variability in species composition in a host- 
parasitoid community with time and along a gradient of forest fragmentation, the role 
of species remained largely stable. In social webs, the analysis of motifs can be used 
to understand the relationships between structuring interactions and the ability of 
the system to adapt their management of natural resources. For instance, Fischer and 
Jasny (2017) found that homophily was a strong structuring pattern in the network 
formed by organizations concerned about increased wildfire risk. In this example, 
homophily may insulate organizations from being exposed to a diversity of ideas, 
thereby impeding their capacity to develop novel management strategies. In a social- 
ecological network that combined fire transmission (ecological links, see Table 28.1) 
and coordination of fire risk mitigation (social links), Hamilton et al. (2019) found 
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Table 28.3 Examples of possible motifs for different categories of network. Species interaction 
networks: a apparent competition of two consumers for a single resource; b a linear three-level 
food chain; and c omnivory in a three-level food chain. Social networks: d reciprocal interactions 
between three actors; e an actor acts as an intermediate between two actors that are otherwise 
disconnected; and f two disconnected actors report to a third that exerts a leadership role. Motifs 
of natural resource access in social-ecological networks (from Bodin & Tengé, 2012): g each actor 
manages their own resource independently even if their resources are ecologically linked, e.g., a 
spreading disturbance; h one actor depends on the other actor for access to the resource; i both actors 
compete for access to a single resource and are not engaged in any dialogue for co-management 


Network category Examples of possible motif 


(a) (b) (c) 
Social networks 
(d) (e) (f) 


Social-ecological networks . 
(g) (h) (i) 


Ld ott’ 


that actors favored interactions with their immediate geographic neighbors, which 
constitutes an important challenge for the large-scale governance of wildfire risk. 


Species interaction networks 


28.4 Discussion 


28.4.1 Challenges 


The use of networks in forest ecology and management presents multiple challenges, 
the most important being the difficulty in identifying appropriate nodes and links. 
Creating species interaction networks requires intensive sampling to obtain high- 
resolution data. For instance, nest webs are constructed by identifying cavity-bearing 
trees and inferring excavator species by relying on the correlation between their body 


28 Network Framework for Forest Ecology and Management 707 


size and the diameter of cavity entrances. Interaction between tree and bird species is 
then determined by routinely inspecting in the field cavities using a camera system to 
Observe signs of breeding or roosting (eggs, feathers, nestlings, etc.), which is labor 
intensive (Cockle & Martin, 2015; Ouellet-Lapointe et al., 2012; Ruggera et al., 
2016). Investigating mycorrhizal networks requires sampling needles and cambium 
tissue from study trees, as well as an intensive sampling of the forest floor to collect 
tuberculate mycorrhizae (Beiler et al., 2010). Moreover, the identification of polli- 
nator-plant interactions requires field observations of flower visits (Gómez-Martínez 
et al., 2020; Memmott, 1999) or the capture of pollinator organisms to identify pollen 
on their body and quantification of the interaction by counting pollen grains (Devoto 
et al., 2011). Similarly, host-parasitoid interactions are determined by collecting 
host organisms in the field and then rearing parasitoids in the lab (Cagnolo et al., 
2011; Van Veen et al., 2008). Accurate identification of species may rely on DNA 
barcoding, especially in species-rich systems where morphologically similar species 
abound (Smith et al., 2011). Obviously, reconstructing species interaction networks 
is sensitive to sampling efforts such that abundant species may receive more attention 
than rare ones (Cagnolo et al., 2011; Van Veen et al., 2008). 

In spatial networks, nodes are identified from raster images, such as remote- 
sensing data, by aggregating adjacent cells that satisfy environmental criteria to be 
considered as forest or habitat patches, e.g., forest cover type and age, tree density 
(Bunn et al., 2000). Patches may be easily identified in landscapes presenting a 
dichotomous vegetation cover, such as fragmented forests in agricultural landscapes 
or urban settings. However, this task is more difficult in heterogeneous and contin- 
uous forest landscapes and for wildlife species whose habitat includes a diversity of 
cover types with varying preferences, e.g., the woodland caribou (Rangifer tarandus 
caribou; Galpern et al., 2011; O’Brien et al., 2006). In these cases, edge detection 
methods can be used to delineate patches from the matrix (Fortin, 1994). Moreover, 
field observations and expert opinions may be necessary to make certain assump- 
tions regarding how organisms interact with their environment, such that cover types 
and patches can be ranked according to their quality or relative use by the species of 
interest (O’ Brien et al., 2006; Pascual-Hortal & Saura, 2007; Saura & Pascual-Hortal, 
2007). 

Links in spatial networks are generally identified by least-cost paths between 
nodes. This approach assumes that organisms travel between nodes using the most 
risk-free and efficient route, which may not always be the case for organisms charac- 
terized by anisotropic or passive dispersal. Moreover, in networks where links denote 
the movement of wind-dispersed seeds or certain bird and insect species, least-cost 
paths can be estimated using Euclidean distances between patches. However, for 
most wildlife species, links will correspond to nonlinear paths that consider the envi- 
ronmental heterogeneity of the matrix and the biological traits that influence their 
dispersal ability (Falletal., 2007). Therefore, the determination of least-cost paths can 
be sensitive to the values and resolution of the resistance surface (Etherington, 2016; 
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Rayfield et al., 2010), which, in turn, requires intensive parameterization efforts; 
thus, the results may be prone to bias (Etherington, 2016). 

Defining and identifying nodes and links is also a pervasive challenge when trans- 
lating social and social-ecological systems into networks. Not unlike ecological data, 
collecting social data to identify entities and their interconnections involves substan- 
tial investment and is prone to errors. For example, a common approach to identify 
nodes in social networks is snowball sampling, an approach based on multiple steps 
(Doreian & Woodard, 1992; Fischer & Jasny, 2017; Hamilton et al., 2019; Knoot & 
Rickenbach, 2014). In the first step, a subset of key actors (single individuals or 
organizations) is selected and interviewed to obtain the names of other actors with 
whom they interact. In the second step, these additional actors are then interviewed 
to obtain yet again other names. The process continues until no new actors are iden- 
tified (Fischer & Jasny, 2017). Depending on the number of sampling waves or the 
depth of the interviews, this approach can be time-consuming and subject to selec- 
tion bias, e.g., well-connected individuals being identified more easily, and bias in 
reporting (or not) certain conflicting relationships, e.g., between opposing individuals 
or organizations (Doreian & Woodard, 1992). 

Additionally, the construction of social-ecological networks often requires a 
certain level of aggregation of the ecological or social units determined by the 
system and the question under study. For example, studying coordination between 
forest management organizations may require that ecological nodes be scaled up to 
represent forests within the jurisdictional boundaries over which these organizations 
interact, thereby losing the local environmental specificity and limiting the utility of 
the network approach for managers working at local scales (Hamilton et al., 2019; 
Sayles et al., 2019). Bodin et al. (2019) proposed that a starting point in conceptu- 
alizing nodes and links is defining the social-ecological interdependencies central 
to the investigated management issue. Focusing on these connections will facilitate 
identifying the most relevant nodes and choosing the appropriate level of aggregation. 
Likewise, creating a network necessarily requires bounding the system under study. 
This bounding imposes an artificial frontier with the implicit assumption that connec- 
tions beyond its limit have negligible impacts on the system's structure and function 
(Sayles et al., 2019). Given that any network analyses are sensitive to the number 
of nodes and links, which are themselves the result of the bounding choice, Sayles 
et al. (2019) suggested that studying the effects of different bounding approaches is 
needed to advance the field of social-ecological networks. 

Common natural resource governance challenges occur in a variety of ecosystems, 
contexts, and scales (Ostrom, 2009). One goal of social-ecological network research 
is to understand the causal pathways between network structures and how these 
challenges emerge or are solved (Bodin & Tengó, 2012; Groce et al., 2019; Guer- 
rero et al., 2020; Janssen et al., 2006). However, because of the numerous method- 
ological choices involved in translating a social-ecological system into a network, 
the resulting network analysis tends to be specific to the studied system, limiting 
the ability to compare studies (Bodin et al., 2019; Young et al., 2006). Recently, 
Bodin et al. (2019) emphasized the need to develop a set of research design guide- 
lines, applicable across contexts and scales, to facilitate synthesis and gain insights 
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from diverse studies. These authors also suggested that advancing social-ecological 
network research requires a systematic classification of different basic causal rela- 
tionships between simple patterns of network structure and environmental outcomes 
to help researchers make clearer assumptions about causality when more complex 
pathways are operating in their system (Bodin et al., 2019; Groce et al., 2019). 


28.4.2 Benefits and Potential of the Network Approach 
in Forest Management 


Managing for forest resilience has become imperative in a changing environment 
(Gauthier et al., 2015; Trumbore et al., 2015). Many symptoms of climate effects, 
invasive insects and diseases, and expanding land use are already evident within 
forest ecosystems (Hansen et al., 2013; Práválie, 2018). Moreover, due to global 
change, boundary conditions are shifting for many ecological processes, including 
disturbance regimes, species ranges, phenology, and carbon flux dynamics (Rams- 
field et al., 2016; Seidl et al., 2017; Vose et al., 2019). Transition zones and loca- 
tions where species exist at the limits of their current ecological tolerances, such 
as portions of the hemiboreal ecotone of eastern North America, may be particu- 
larly sensitive to these shifts (Thom et al., 2019). Management decisions that we 
make today must account for the uncertainty in future environmental threats, and 
they must anticipate uncertainty related to the rapidly changing economic and social 
context affecting demand for forest services and products. Network theory could help 
forest managers identify sensitivities and vulnerabilities linked with these changes 
and mitigate their effects accordingly, for instance through adaptive forest manage- 
ment (Gauthier et al., 2008; Millar et al., 2007). Moreover, the application of network 
theory could also likely be a key for monitoring biodiversity and projecting the future 
state of biodiversity in managed forests (Mina et al., 2021). 

Recent applications of network theory have been proposed for evaluating and 
managing the resilience of large tracts of forests to global change stressors (Box 28.2; 
Aquilué et al., 2020, 2021; Mina et al., 2021). In these approaches, resilience is 
viewed as a multidimensional concept combining biodiversity and network topology 
measures likely to positively influence the capacity of spatial forest networks to cope 
with future disturbances (Messier et al., 2019). More precisely, resilience accounts 
for functional redundancy, the functional response diversity of forest metacommu- 
nities (Mori et al., 2013), their network connectivity, mean centrality, and modu- 
larity (Gonzalés & Parrott, 2012). Management strategies that modify one or more 
of these resilience-based properties can then be tested against scenarios of climate 
change and disturbance, e.g., drought, insect outbreak (Aquilué et al., 2020, 2021; 
Mina et al., 2021). For example, this approach can determine whether establishing 
plantations of functionally rare species or enriching forest stands to increase the 
variety of response traits, at locations that also improve forest network connectivity, 
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provide forest ecosystems the ability to resist or adapt to future environmental condi- 
tions. One can then use this approach to identify the management strategy that best 
conserves the forest landscape under a range of possible but uncertain disturbances. 

Network theory is useful for managing ecological recovery from natural distur- 
bances, especially in the context of climate change where many disturbances are 
expected to increase in occurrence, severity, and size (Práválie, 2018). For example, 
following large forest fires, seeds, fungal spores, and organisms often disperse from 
natural fire refugia (nodes in spatial forest networks) and then interact demograph- 
ically as the landscapes recover through succession (Keeton & Franklin, 2004; 
Krawchuk et al., 2020). In landscapes where fire management is used to mitigate 
fire risk, network theory can assist in designing strategies, e.g., location and size of 
prescribed burns, that preserve habitat connectivity for wildlife species (Sitters & Di 
Stefano, 2020). 

Spatiotemporal and spatial networks employed together with simulation models 
could help predict shifting conditions in forest ecosystems to adapt management prac- 
tices accordingly. For example, Huang et al. (2020) used spatiotemporal networks 
together with species distribution models to determine how future climates will 
affect habitat availability for terrestrial mammals experiencing range shifts in North 
America. Future applications of networks are, therefore, expected to be used in 
conjunction with other models to better integrate changing environmental condi- 
tions and ecological processes occurring at different spatial or temporal scales. For 
example, Mina et al. (2021) coupled a spatial network approach with a spatially 
explicit simulation model of forest dynamics (LANDIS-II, Mladenoff, 2004) to deter- 
mine how climate-induced changes in forest cover influence landscape connectivity. 
Wildemeersch et al. (2019) used a network-of-networks approach to simulate forest 
pest outbreaks. Their model included a landscape-scale network of forest patches as 
well as a stand-scale network within each patch. The small scale captured the local 
pest pressure, whereas the large scale captured the influence of landscape connectivity 
on the spreading behavior of the pest. 

Networks are promising tools for multifunctional forest management because 
they effectively integrate the interactions between social and ecological elements. 
Spatial networks can help assess trade-offs between conflicting management goals. 
For example, they can be used to determine management strategies that account for 
ecological connectivity to satisfy conservation and economic targets (Ruppert et al., 
2016) or optimize the provision of multiple ecosystem services (Vogdrup-Schmidt 
et al., 2019). Moreover, social-ecological networks can be used to identify linkages 
that would foster coordinated efforts in the management of natural disturbance risks 
(Hamilton et al., 2019), such as reducing fire risk hazards within the wildland-urban 
interface (Keeton et al., 2007; Vilà-Vilardell et al., 2020). 

To summarize, this chapter has demonstrated the richness and flexibility of the 
network framework for forest management. Further applications of network theory 
to forest management will necessitate an adaptive approach, accounting for shifting 
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dynamics and interactions among nodes, be they ecological or social. Network anal- 
ysisis a powerful tool for identifying sensitivities and vulnerabilities within networks. 
It may prove invaluable in helping forest managers to better anticipate and adapt to 
global change. 
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A Neglected Topic in Forest Management 
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Joakim Hjaltén, and Paul del Giorgio 


Abstract Aquatic and terrestrial habitats are interdependent components of the 
boreal forest landscape involving multiple dynamic interactions; these are mani- 
fested particularly in riparian areas, which are key components in the forest land- 
scape. However, this interdependence between aquatic and terrestrial habitats is not 
adequately accounted for in the current management of forest ecosystems. Here we 
review the impacts of land disturbances on the optical and physicochemical prop- 
erties of water bodies, aquatic food web health, and the ecological functioning of 
these freshwaters. We also describe how freshwaters influence the adjacent terrestrial 
ecosystems. A better understanding of these dynamic biotic and abiotic interactions 
between land and freshwater of the boreal forest is a first step toward including these 
freshwaters in the sustainable management of the boreal forest. 
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29.1 Introduction 


The boreal forest, the world's largest land biome, is characterized by a high density 
and diversity of freshwater environments. These water bodies form a complex aquatic 
network that interacts dynamically with the surrounding terrestrial environment. 
However, scientists have traditionally kept to their respective areas of interest, and 
research in the respective fields of terrestrial and aquatic ecology has remained sepa- 
rate. Consequently, there is a knowledge gap in our understanding of the interactions 
between aquatic and terrestrial habitats as well as those processes specific to the 
aquatic—terrestrial ecotones (Hjältén et al., 2016). Nevertheless, environments such as 
the littoral zone in lakes and the shoreline area in forests are habitats rich in biological 
diversity and are sites where essential processes occur, e.g., the primary production 
of macrophytes and benthic algae or tree species associated with wet areas. Land— 
water interactions, comprising energy and matter fluxes, occur mainly in this ecotone 
(Fig. 29.1). The largest fluxes from land toward freshwater are the dissolved and 
particulate organic and inorganic matter carried by surface runoff, groundwater, and 
wind (Vander Zanden & Gratton, 2011). The freshwater to land fluxes are smaller in 
volume but greater in energy and are higher in nutritional quality. These fluxes follow 
animal movements, such as insect emergence or terrestrial predation on aquatic prey. 

Both types of fluxes are intimately entangled, connecting the land and water 
environments in the boreal forest (Baxter et al., 2005); however, these habitats are 
commonly viewed as separate ecosystems and are thus managed by distinct envi- 
ronmental institutions or agencies. The aquatic habitats are therefore usually not 
directly included in sustainable forest management. This view may pose risks of 
underestimating the complexity of the structure and functioning of the forest and 
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Fig. 29.1 a Connectivity between the aquatic and terrestrial habitats of the boreal forest; b forest 
harvesting in a lake watershed. Photo credits Miguel Montoro Girona and Janie Lavoie 


hinder successful management (Gauthier et al., 2009; Messier et al., 2013). For an 
improved representation of reality, we highlight in this chapter that terrestrial and 
freshwater habitats are integral parts of the same boreal forest ecosystem, and, as 
such, we will no longer refer to terrestrial and aquatic ecosystems as separate entities. 

One way to consider land—water interactions is by implementing riparian buffer 
strips, which are commonly included in forest management. Although the direct and 
indirect effects of these buffer strips on aquatic habitats have been studied extensively 
(Lidman et al., 2017a, b; Peterjohn & Correll, 1984), there remains an absence of 
information of the site-specific role of riparian forests, e.g., on different types of 
forest soil, with different slopes or different stand compositions (Kuglerová et al., 
2014); this knowledge gap impedes the advancement of best practices in boreal forest 
management (Kuglerová et al., 2017). Furthermore, the effectiveness of riparian 
forests in moderating the impacts of harvesting on the terrestrial part of the boreal 
forest has rarely been tested. The construction of roads related to forestry practices 
and the type and timing of harvesting may affect how forestry machinery modifies 
stream habitats, both directly and indirectly, by increasing turbidity (Reiter et al., 
2009). Extensive cutting may raise the water table and increase the amount of organic 
matter exported to aquatic habitats (Laudon et al., 2009; Sun et al., 2000). In addition, 
increases in the number of water pools in the tracks of the machines may increase 
mercury methylation and the related contamination of the landscape (de Wit et al., 
2014; Sgrensen et al., 2009). Fertilization, liming, and fire control may also affect 
the leaching of nutrients and other constituents into the water (Bisson et al., 1992; 
Degerman et al., 1995). This chapter therefore aims to describe the existing natural 
and anthropogenic interactions between the aquatic and terrestrial habitats of the 
boreal forest and highlight the importance of integrating the aquatic environments 
into the sustainable management of the forest. We demonstrate that revising the 
existing forest management paradigm, which currently considers land and freshwater 
habitats as isolated ecosystems, is essential to acknowledge the interdependence 
between these components and enhance forest management success. 
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29.) The Browning of Boreal Freshwaters 


A portion of the brown color of boreal lakes and rivers is caused by dissolved organic 
matter (DOM) leaching from the soil and litter of forests (Roulet & Moore, 2006). 
The DOM concentration, including the dissolved organic carbon (DOC) compo- 
nent, has increased in freshwaters during the last decades to shift the water color of 
boreal water bodies toward brown, a phenomenon called browning or brownification 
(Fig. 29.2; Lennon et al., 2013). The browning of freshwater is a serious concern for 
many ecosystem services, including drinking water supply (Haaland et al., 2010), 
as treatment of brown water rich in DOM is costly and may produce chlorinated 
carcinogenic compounds (Richardson et al., 2007). Whereas the extent and intensity 
of browning remain poorly studied at the global scale, the most dramatic changes 
in DOC concentrations (20.15 mg-L~!-yr~!) have been reported in temperate and 
boreal regions (de Wit et al., 2016; Monteith et al., 2007). 

Browning is associated with natural and anthropogenic changes in land cover 
as well as other factors that modify the amount and nature of organic matter 
exported from the watershed into freshwater habitats (Kritzberg, 2017). In boreal 
forests, increasing DOC concentrations in lakes is a direct consequence of forest 
harvesting. Harvesting raises the water table, thereby increasing the hydrological 
connectivity between shallow DOC-rich soils and the recipient freshwaters (Glaz 
et al., 2015). Organic matter export may also increase because of greater terres- 
trial primary production in the forest (Larsen et al., 2011), enhanced by increased 
atmospheric carbon dioxide levels (Campbell et al., 2017). Other factors include 
increased nitrogen deposition (Rowe et al., 2014), higher precipitation (Hongve et al., 


Fig. 29.2 Lake water with low (left) and high (right) concentrations of dissolved organic matter. 
Photo credit Guillaume Grosbois 
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2004), and greater export of iron, which can form stable, highly colored complexes 
with DOM (Weyhenmeyer et al., 2014). Several recent studies have attributed the 
DOC increase to recovery from atmospheric acid deposition, which enhances organic 
matter solubility and, therefore, the mobility of DOC from forest to aquatic environ- 
ments (Meyer-Jacob et al., 2019). These researchers questioned whether the current 
browning of freshwaters reflected a re-browning to reach past levels of water color or 
whether this represented a new trend toward unprecedented browning (Meyer-Jacob 
et al., 2020). Both trends have been observed, and whereas re-browning is associ- 
ated with regions having received moderate to high levels of acid deposition, higher 
than preindustrial DOC concentrations have been recorded in regions characterized 
by low levels of acid deposition (Meyer-Jacob et al., 2019). Thus, recovery from 
acidification is insufficient to explain browning in all lakes, and the trends in water 
color may be more related to changes in land use, e.g., from agriculture to modern 
forestry (Kritzberg, 2017). 

An increase in DOM in freshwaters can drastically change the structure and 
functioning of inland waters having a darker water color by increasing the surface 
water temperature and modifying thermal stratification (Williamson et al., 2015). 
Although higher temperatures can potentially enhance algal production, browner 
waters also attenuate the penetration of photosynthetically active radiation and 
therefore diminish a water body's suitability for aquatic primary production (Creed 
et al., 2018). Increasing DOM in freshwater strongly affects microbial processes 
by shifting basal pelagic production from phytoplankton to bacteria (Jansson et al., 
2000). Although the biodegradation coefficient per unit of DOM is reduced in brown 
lakes and rivers (Berggren & Al-Kharusi, 2020; Berggren et al., 2020), the absolute 
amount of organic carbon that is assimilated and metabolized by microorganisms 
increases with greater DOM concentrations (Lennon, 2004). This has consequences 
for higher trophic levels, affecting zooplankton production and fish survival and 
growth (Hedstróm et al., 2017; Taipale et al., 2018). Browning therefore radically 
alters the functioning and subsidies of aquatic food webs (Hayden et al., 2019). 

Inthe near future, green (eutrophication) and brown (browning) lakes are expected 
to replace blue lakes in the boreal forest (Leech et al., 2018). The increase in DOM 
export in some regions is clear, particularly in northern ecosystems where higher 
temperatures and shorter winters will allow a greater water movement through litter 
and soil and thus increase DOM export to freshwaters (Laudon et al., 2012). These 
major changes in DOC could modify the overall C budget of the boreal forest, and 
future research must focus on this issue to better understand how these new conditions 
will influence the future C sinks and sources. 
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29.3 Nutrients in Freshwaters: Eutrophication 
and Oligotrophication 


Lake and river environments depend strongly on nutrient export from their associ- 
ated watersheds (Hynes, 1975). In boreal forests, nutrients are fixed via atmospheric 
deposition, N-fixation by cyanobacteria, or weathering, and a portion is exported to 
aquatic ecosystems through runoff (Hall, 2003). Nutrients are not only transported 
by freshwaters but are also physically, chemically, and biologically processed. One 
way of estimating these biotic contributions is to experimentally manipulate the 
watershed, for example by preventing acid rain (Hultberg & Skeffington, 1998) or 
harvesting the trees (Likens et al., 1970). During the Hubbard Brook Experiment, the 
cutting of all watershed vegetation demonstrated the key role of terrestrial vegetation 
in retaining nutrients within the watershed (Likens et al., 1970). Moreover, nutrient 
export to streams and lakes drastically increased after tree harvesting; this highlighted 
the terrestrial origin of most nutrients. Rivers and lakes are, therefore, highly depen- 
dent on watershed sources of nutrients. The Global Nutrient Export from Watersheds 
(NEWS) model estimated that, at the global scale, the export of dissolved inorganic 
nitrogen (N) and phosphorus (P) is dominated by anthropogenic sources, whereas 
80% of the dissolved organic N and P is dominated by natural sources (Seitzinger 
et al., 2005). Bernhardt et al. (2003) also demonstrated that rivers react to major forest 
disturbances, reducing nitrogen concentrations downstream of the disturbance. Thus, 
aquatic environments are strongly dependent on the export of forest nutrients and are 
biogeochemically reactive habitats where algae and grazers/predators have a high 
capacity for assimilating and storing nutrients. 

Increased exploitation of natural resources, e.g., forestry and mining, and associ- 
ated infrastructure development in boreal regions has increased the leakage of carbon, 
nitrogen, and phosphorus from catchments into watercourses (Payette et al., 2001). 
This increase of biologically reactive dissolved inorganic nitrogen has been measured 
over large areas globally and has been found to affect nutrient ratios in freshwaters 
and lead to lake eutrophication (Hessen, 2013). Such an increase in nutrient inputs 
may shift an initial N-limitation to P-limitation for primary producers and consumers; 
this alteration causes major changes to the base of food webs in lakes (Elser et al., 
2009, 2010) and rivers (Chen et al., 2013). Additionally, terrestrial organic matter is 
associated with DOM, nitrogen, and phosphorus (Aitkenhead-Peterson et al., 2003), 
and their respective inputs increase with browning (see Sect. 29.2). Many boreal 
freshwater ecosystems will experience greater nutrient inputs in the future; however, 
the effect on the functioning of food webs remains relatively unknown. Prepas et al. 
(2001) demonstrated that harvesting around the headwater lakes of Alberta's boreal 
plain increased total phosphorus concentration in the lakes, triggering an increase in 
cyanobacteria and cyanotoxins. Consequently, zooplankton biomass and abundance 
decreased in these boreal lakes impacted by forest harvesting. Given that N and 
P export to freshwaters is predicted to increase over the next decades, terrestrial 
aquatic interactions must be accounted for in the future management of the boreal 
forest. 
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In already-nutrient-poor systems in many boreal regions of the world, e.g., 
Sweden, Canada, and Finland, lakes have experienced a substantial, long-term 
decline in total phosphorus concentrations (2.1%-yr-! since the 1980s), reaching 
values close to the detection limit; this process is referred to as lake oligotrophica- 
tion (Arvola et al., 2011; Eimers et al., 2009; Huser et al., 2018). These declines 
are linked to the recovery from acidification, the increased climate change-induced 
trapping of nutrients by plant roots (Elmendorf et al., 2012), changes in watershed 
processes related to soil properties (Gustafsson et al., 2012), or a combination thereof. 
Cyanobacterial blooms are often triggered by an excess of nutrients in lakes; however, 
they can also be enhanced by N-limitation, as cyanobacteria can fix environmental 
N and are therefore more competitive than other algae (Berman-Frank et al., 2007). 
Diehl et al. (2018) report that cyanobacteria make up more than 5096 of the biomass 
in shallow, epilithic biofilms in northern Swedish lakes. Cyanobacteria-dominated 
communities in oligotrophic waters negatively impact lake food webs through a lower 
trophic transfer efficiency from primary producers to consumers (Brett & Muller- 
Navarra, 1997). Declining total phosphorus concentrations could therefore act in 
synchrony with increasing DOM and suppress aquatic productivity. 

When harvesting a significant area of a watershed as part of a management strategy 
in boreal forests, it is essential to consider the effect on the already fragile balance 
of nutrients resulting from browning, eutrophication, or oligotrophication. 


29.4 Metabolism in Freshwaters: Heterotrophy Versus 
Autotrophy 


Inland waters process, store, and outgas most of the carbon (C) exported from land, 
thereby playing a significant role in the global C cycle (Battin et al., 2009; Raymond 
et al., 2013). These external carbon inputs can vary from being a primary energy 
source in freshwater metabolism (heterotrophy) to being less important relative 
to aquatic photosynthetic production (autotrophy). This reliance depends on many 
factors that determine the interactions between the aquatic and forest components of 
the boreal landscape, such as ecosystem size. For example, small streams connected 
to the landscape mainly emit terrestrially derived carbon dioxide (CO2), whereas 
larger rivers mostly re-emit CO» previously fixed by aquatic primary producers 
(Hotchkiss et al., 2015). Inland waters are classified as net heterotrophic when 
metabolism based on external watershed inputs causes the CO» emissions from 
aquatic organisms, i.e., respiration R, to be greater than aquatic gross primary produc- 
tion (GPP). In contrast, waters are classified as net autotrophic when the metabolism 
is predominantly based on aquatic production and, therefore, R is less than GPP 
(Jansson et al., 2000). New inputs of organic matter from the boreal forest are 
also a source of nutrients to the water and may increase GPP even though they 
may not change the net ecosystem production (NEP, i.e., GPP-R), as it may also 
increase R (Cole et al., 2000). New inputs from forests, such as those following 
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forest harvesting, thus affect the basal production of aquatic ecosystems, potentially 
increasing heterotrophic bacterial metabolism as well as photosynthetic produc- 
tion. Clapcott and Barmuta (2010) demonstrated that forest harvesting increases 
metabolism and organic matter processes in small headwater streams; however, it 
remains unclear whether this is the case in larger ecosystems (Klaus et al., 2018). 
The impact of forest harvesting on aquatic metabolism is, therefore, very difficult to 
predict because organic matter inputs from the watershed are susceptible to switching 
from an equilibrated ecosystem, i.e., R = GPP, toward net heterotrophy when bacte- 
rial metabolism is favored but also toward net autotrophy when the associated 
nutrients favor photosynthetic algal production. 

Inland waters are classified in terms of their trophic state as eutrophic (very produc- 
tive), mesotrophic (moderately productive), or oligotrophic (unproductive) environ- 
ments. The impact of forest harvesting is expected to differ according to the trophic 
state of lakes and rivers. Extra watershed inputs of organic matter to eutrophic lakes 
may increase an already high GPP but still trigger a switch of an ecosystem from a 
sink to a source of greenhouse gases because of increased production and diffusion 
of methane (Grasset et al., 2020). Greater nutrient and organic matter inputs from 
the catchment can unbalance autotrophy versus heterotrophy processes and lead to 
an accumulation of organic matter in the sediments. The degradation of this extra 
t-OM under anoxic conditions in the sediments is likely to produce methane (Donis 
et al., 2017). Mesotrophic and oligotrophic lakes can alternate from autotrophic to 
heterotrophic states, in different seasons, from one year to another, or after meteo- 
rological events such as storms that uncouple R and GPP (Richardson et al., 2017; 
Vachon & del Giorgio, 2014; Vachon et al., 2017). Given that even within the same 
ecosystem, C from the forest and C synthesized by algae can be used differently 
by bacteria—forest C for biomass and algal C for respiration (Guillemette et al., 
2016)—the impact of forest harvesting on aquatic bacterial communities is difficult 
to predict. 

Limnologists often consider terrestrial DOM (t-DOM) to be homogeneous; in 
reality, however, t-DOM represents a mix of material of very different origins and 
differing states of degradation (Berggren et al., 2010b). It includes low molecular 
weight compounds, such as carboxylic acids, amino acids, and carbohydrates, which 
bacteria easily utilize and eventually transfer to higher trophic levels (Berggren et al., 
20102). Molecules are referred to as labile, semi-labile, or recalcitrant according to 
how easily they can be degraded by bacteria (Kragh & Sondergaard, 2004). The 
terrestrial share of DOM is composed of compounds that originate from terrestrial 
plant tissues, and soil microorganism communities often modify these compounds 
before entering inland waters (Solomon et al., 2015). Generally, t-DOM is composed 
of humic and fulvic acids that contain aromatic hydrocarbons, including phenols, 
carboxylic acids, quinones, and catechol, and a nonhumic fraction characterized 
by lipids, carbohydrates, polysaccharides, amino acids, proteins, waxes, and resins 
(McDonald et al., 2004). Among these compounds, low molecular weight carboxylic 
acids, amino acids, and carbohydrates can potentially support all bacterial production 
in boreal ecosystems (Berggren et al., 20102). The remaining incoming terrestrial 
organic matter is highly concentrated in tannins and represents organic compounds 
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not degraded by microbial fauna in the soil (Daniel, 2005). Degradation processes 
preferentially remove oxidized, aromatic compounds, whereas reduced, aliphatic, 
and N-containing compounds are either resistant to degradation or tightly cycled; 
they therefore persist in aquatic systems (Kellerman et al., 2015). The role of 
allochthonous carbon in aquatic ecosystems is closely related to bacterial abun- 
dance, biomass, and production (Azam et al., 1983; Roiha et al., 2012), as most 
DOM decomposition is undertaken by planktonic bacteria (Daniel, 2005; Wetzel, 
1975). Depending on the quality of the organic carbon, bacterial productivity might 
change, whereas the quantity of the organic carbon appears to define community 
composition (Roiha et al., 2012). Glaz et al. (2015) demonstrated that, in contrast to 
DOM quantity, the nature of t-DOM in lakes affected by forest harvesting did not 
change. Therefore, forest harvesting triggers extra inputs of DOM into aquatic envi- 
ronments that can directly influence and foster bacterial communities and modify 
the entire-lake metabolism. 


29.5 Allochthony in Boreal Aquatic Consumers 


In aquatic habitats within forests, organic matter (OM) inputs from the adjoining 
terrestrial counterparts are allochthonous, whereas aquatic primary production is 
referred to as autochthonous. Terrestrial OM eventually enters the aquatic food webs, 
and its use by aquatic organisms for biomass production is referred to as allochthony. 
The significance of allochthony in supporting aquatic food webs has been shown 
recently for bacteria (Berggren et al., 2010a; Guillemette et al., 2016), zooplankton 
(Berggren et al., 2014; Grosbois et al., 2017a), invertebrates (Hayden et al., 2016), 
and fish (Glaz et al., 2012; Tanentzap et al., 2014). 

Although all aquatic organisms may play a role in processing terrestrial OM 
directly or indirectly, zooplankton occupy a strategic position in aquatic food webs. 
Zooplankton can consume both autochthonous and allochthonous OM for biomass 
production and are key organisms responsible for transferring OM to higher trophic 
levels (Grosbois et al., 2020). Whereas earlier studies found significant trophic 
transfer of terrestrial particulate OM to zooplankton (Cole et al., 2006), recent studies 
demonstrate that this direct use of terrestrial particulate OM by pelagic food webs is 
rather limited (Mehner et al., 2016; Wenzel et al., 2012). However, the assimilation of 
terrestrial OM in aquatic food webs can follow different pathways and may begin at 
the lower tropic levels, i.e., through the microbial degradation of terrestrial OM. The 
terrestrial OM is then transferred to the trophic levels comprising ciliates, flagellates, 
or rotifers through their consumption of the microbes (Jansson et al., 2007; Masclaux 
et al., 2013). The allochthonous OM assimilated by these species is then consumed 
by larger zooplankton taxa that are, in turn, available for zooplanktivores, including 
numerous fish species, e.g., Perca flavescens, and invertebrates, e.g., Chaoborus 
obscuripes and Leptodora kindtii (Tanentzap et al., 2014). Thus, zooplankton can 
serve as indicators of allochthony in aquatic food webs and have been the focus 
of multiple studies of allochthony (Cole et al., 2011; Lee et al., 2013; Perga et al., 
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2006). Allochthony in zooplankton varies widely, from less than 5% (Francis et al., 
2011) to 100% (Rautio et al., 2011). Although there remains some debate about the 
significance of the terrestrial OM contribution for zooplankton in different lake types, 
e.g., large clear-water lakes versus small humic lakes, it is now increasingly accepted 
that allochthony can often be very significant for many zooplankton taxa, especially 
in lakes that receive large terrestrial OM inputs, which limit light availability and 
aquatic primary production (Cole et al., 2011; Emery et al., 2015; Wilkinson et al., 
2013). 

The allochthony of benthic invertebrates in rivers and lakes has often been well 
defined because of the remarkable feeding adaptations of these taxa (grazers, filterers, 
shredders, and predators). Therefore, we can observe an allochthony gradient in these 
organisms, from the least allochthonous grazers to the most allochthonous shredders 
(Rasmussen, 2010). However, the diet of each feeding group can include a mix of food 
sources with organisms feeding mainly on autochthonous material and also assimi- 
lating allochthonous OM. For example, grazers can consume and assimilate terres- 
trial OM deposited on benthic algal mats, and filter-feeders can obtain suspended 
terrestrial OM. Inversely, animals feeding on allochthonous material may ingest 
autochthonous material, e.g., shredders can consume plant litter together with peri- 
phytic algae growing on the litter surface. The use of allochthonous or autochthonous 
OM by benthic invertebrates also depends on the riparian vegetation and the aquatic 
habitat size. The river continuum concept (RCC) (Vannote et al., 1980) describes 
a decreasing allochthony gradient from small forested headwater streams to large 
autochthonous rivers having minimal canopy cover. However, recent studies have also 
shown strong autochthony rather than allochthony in headwater streams (Lau et al., 
20092, b; Torres-Ruiz et al., 2007). Erdozain et al. (2019) demonstrated, contrary to 
RCC predictions, that allochthony in aquatic food webs is low in forest headwaters 
and increases with greater harvesting intensity and delivery of terrestrial OM. It is, 
therefore, very likely that silvicultural practices can strongly impact autochthony and 
allochthony in aquatic food webs. 

Changes in the degree of allochthony in zooplankton, benthic invertebrate commu- 
nities, or both will be reflected in their predators, e.g., fish. Moreover, detritivorous 
fish in reservoir ecosystems, such as gizzard shad (Dorosoma cepedianum), can 
ingest terrestrial detritus directly, accounting for about 35% of their biomass (Babler 
et al., 2011). Pelagic fish in a temperate lake had an estimated minimum allochthony 
of 4496 in young bluegill (Lepomis macrochirus) and 4396 in young yellow perch 
(Perca flavescens), whereas in older individuals, allochthony was 53% (Weidel et al., 
2008). The quantification of fish allochthony can be complicated by the diet contri- 
bution from terrestrial insects, as fish can feed directly on terrestrial prey items that 
fall into the water. Neglecting to include the terrestrial prey will likely underestimate 
the terrestrial trophic support for fish. Allan et al. (2003) estimated that terrestrial and 
aquatic prey contributed equally to the diet of juvenile coho (Oncorhynchus kisutch) 
in Alaskan streams, and the fish ingested an average total of 12 mg of insect dry 
mass per day. Forest harvesting affects terrestrial invertebrate communities, such as 
red-listed beetles (Franc & Gótmark, 2008), and, therefore, can strongly disturb the 
direct subsidy of terrestrial insects for fish growth. 
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29.6 Health of the Aquatic-Terrestrial Food Web 


The health of food webs is largely determined by the nutritional quality of the avail- 
able food resources. Terrestrial OM inputs comprise mainly biochemically recal- 
citrant lignocellulose and lack biomolecules such as polyunsaturated fatty acids 
(PUFA), which are essential for animal growth and reproduction (Schneider et al., 
2016, 2017; Taipale et al., 2015). Because essential PUFA are mainly synthesized 
de novo by algae, their acquisition in aquatic food webs is negatively related to the 
consumers' degree of allochthony (Jardine et al., 2015; Lau et al., 2014). However, 
other studies have demonstrated that most aquatic biomass has a terrestrial origin in 
temperate and boreal lakes, illustrating the strong physical and hydrological connec- 
tions to OM-rich catchments (Cole et al., 2011; Wilkinson et al., 2013). The effect of 
this substantial diet contribution of terrestrial OM on the health of aquatic consumers 
in the natural environment remains unknown; however, laboratory-based feeding 
experiments have shown lower survival, growth, and reproduction for benthic and 
pelagic invertebrates when they are fed only with terrestrial plant litter (Brett et al., 
2009; Lau et al., 2013). Moreover, the survival of many zooplankton species in 
boreal lakes depends on the opportunity to accumulate PUFA from algae in autumn 
and under the lake ice at the beginning of winter (Grosbois et al., 2017b). Further- 
more, algae sustain the production of benthic consumers and supply them the neces- 
sary PUFA in headwater streams despite the often dense riparian canopy cover over 
these streams (Lau et al., 2009a, b). Although many species of fungi degrade the 
detrital material of plant litter, few fungal species exist in aquatic environments to 
consume the lignified OM and make it accessible to consumers at higher trophic levels 
(however, see Masclaux et al. (2013) for pollen degradation by aquatic chytrids to 
access essential fatty acids). In forests, plant litter is degraded initially by micro- 
bial communities and then transported to aquatic habitats by runoff. This runoff 
carries only the “leftovers” of microbial degradation and hence the most recalcitrant 
molecules (Brett et al., 2017). Moreover, a large portion of terrestrial material can be 
deposited onto the anoxic bottom of lakes, greatly reducing or stopping its degrada- 
tion, and lake metabolism becomes directed mainly toward methanogenesis (Schink, 
1997). 

Inputs of terrestrial DOM to freshwaters considerably affect the productivity of 
the entire ecosystem, thereby affecting the growth and reproduction of organisms. 
First, these inputs can diminish benthic and pelagic algal primary production, with the 
increases in t-DOM, i.e., the browning of waters, limiting light penetration through 
the water column (Fig. 29.3; Karlsson et al., 2009). Lower primary production in lakes 
and rivers will reduce the availability of essential molecules, e.g., PUFA, synthesized 
by algae and the transfer of these molecules to higher trophic levels (Strandberg et al., 
2015). Kelly et al. (2014) showed that t-DOM concentrations are negatively corre- 
lated to zooplankton production. Karlsson et al. (2015) confirmed this observation, 
finding lower fish production in small boreal lakes with high t-DOM concentra- 
tions. Moreover, Grosbois et al. (2020) demonstrated that zooplankton production 
based on t-DOM (defined as the allochtrophy) in a boreal lake was lower, on average, 


730 G. Grosbois et al. 


throughout the year. Still, they remained in the same range as zooplankton production 
based on algae. Estimating secondary production in aquatic habitats is challenging, 
as traditional methods require identifying, counting, and measuring all individuals 
of a community during a long period and sampling at a high frequency (Runge & 
Roff, 2000). New methods to measure secondary production, such as the use of the 
chitobiase enzyme (Yebra et al., 2017), will help quantify the effects of terrestrial 
OM inputs on aquatic food webs and consumer production. 


Fig. 29.3 Aquatic-terrestrial food web in an undisturbed (top) and a harvested watershed (bottom). 
Dissolved organic matter (brown dots) and nutrient inputs (red dots) to lakes increase with forest 
harvesting, leading to the browning of waters, increased bacterial metabolism, decreased light 
penetration into the water, and suppressed benthic primary and secondary production. Health conse- 
quences for terrestrial and aquatic organisms are expected with the altered transfer of essential fatty 
acids (yellow dots) within the aquatic-terrestrial food web 
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The concept of one health highlights that the health of one component of a system 
depends on that of the other components (Destoumieux-Garzón et al., 2018). This is 
particularly true for habitats interacting dynamically within the same landscape, such 
as observed in the boreal forest. Many terrestrial organisms depend on the aquatic 
environment to access important resources such as food and water for their survival, 
with some species, e.g., amphibians and insects, having life stages in water. Although 
subsidies from terrestrial to aquatic habitats are much higher in quantity, the aquatic 
subsidies to land are of higher nutritional quality (Martin-Creuzburg et al., 2017), 
energy density, and nutrient concentration; the result is a similar subsidy to animal 
carbon in both directions (Bartels et al., 2012). Most aquatic subsidies must go against 
gravity and therefore often rely on animal movement. One of the most observed 
examples is the emergence of insects from lakes or rivers; these insects eventually 
feed terrestrial insectivores (Fig. 29.3; Muehlbauer et al., 2014; Paetzold et al., 2005). 
Emerging aquatic insects are essential prey, as they have a high content of long-chain 
PUFA. Preliminary estimates of long-chain PUFA export to terrestrial ecosystems 
range from 0.1 to 672.2 mg dry weight-m~?-yr~! (Gladyshev et al., 2009). Dreyer 
et al. (2015) also estimated that the whole-lake emergence of aquatic insects in an 
Islandic lake (3.1—76.0 Mg-yr !) had deposited 100 kg ha^! yr~! of insect biomass 
within 50 m of the lake shoreline, corresponding to 10 kg N-ha^! yr! and 1 kg 
of P ha^! yr-!. Fluxes from aquatic to terrestrial habitats are therefore potentially 
significant for many terrestrial animals. More studies are required to quantify the 
aquatic biomass export to terrestrial animals feeding on fish, e.g., bears, bald eagles, 
and herons, or on macrophytes, e.g., moose, although this type of export is more 
difficult to estimate. 

Aquatic habitats also influence nutrient cycling in the forest landscape, with 
lotic waters transporting nutrients that are deposited outside of the river bed during 
flooding (Jacobson et al., 2000) and are made accessible to plant roots in the subsur- 
face water, i.e., hyporheic zone (Pinay et al., 2009). Trees can therefore use aquatic 
nutrients for growth. In a boreal watershed in Alaska, about 2596 of the foliar nitrogen 
of trees and shrubs was derived from salmon near the fish spawning sites (Helfield & 
Naiman, 2002). A greater understanding of the land—water interactions and the subsi- 
dies from aquatic to terrestrial habitats is essential for the sustainable management 
and maintaining the health of the forest ecosystem (Schindler & Smits, 2017). 

Despite the general high quality of aquatic subsidies to the terrestrial food webs, 
anoxic zones may form in particular aquatic environments, e.g., ponds, wetlands, 
deep lake water, where bioavailable methylmercury is produced and bioaccumulates 
in aquatic food webs (Downs et al., 1998). Contaminants such as methylmercury can 
therefore be exported to terrestrial food webs with aquatic-feeding species (Cristol 
et al., 2008). However, this contamination of terrestrial food webs depends more on 
the complex trophic structure and interactions than on the aquatic prey contribution, 
such as through insect emergence or predation on fish (Schindler & Smits, 2017). For 
example, Bartrons et al. (2015) demonstrated that spiders feeding on contaminated 
aquatic midges had lower methylmercury concentrations than spiders feeding on 
terrestrial prey because the aquatic prey had a lower position in the food web than their 
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terrestrial counterparts. The trophic position and food-chain length are stronger deter- 
minants of methylmercury contamination than trophic reliance on aquatic prey, as 
longer food chains enhance biomagnification. Furthermore, methylmercury produc- 
tion and accumulation in aquatic food webs can increase with more frequent and 
severe forest disturbances and climate change. For example, forest harvesting and 
fires increase the OM inputs in lakes and, therefore, the methylmercury contamina- 
tion in zooplankton (Garcia & Carignan, 1999) and fish (Garcia & Carignan, 2000). 
Therefore, the production, assimilation, and export of contaminants is a complex 
process that depends on both aquatic and terrestrial components. This dependence 
highlights the need for considering the aquatic and terrestrial components as integral 
parts of the boreal forest ecosystem. 


29.7 The Role and Impacts of Forest Disturbances 
on Aquatic Ecosystem Services 


Aquatic environments provide an essential resource for humanity: freshwater. Fresh- 
water is used for drinking water, watering crops, fisheries, and many important human 
activities; however, aquatic environments are highly sensitive to disturbances and 
management occurring on the adjacent forested land. The most well-known example 
of lake reaction is the temporal increase of lake turbidity after forest harvesting 
(Glaz et al., 2015) or the more permanent increase in cyanobacterial blooms caused 
by heightened nutrient inputs from residential areas or agricultural fields (Paerl & 
Otten, 2013). Thus, a greater consideration of interactions between terrestrial and 
aquatic environments is required to manage the forest ecosystem. In this respect, it is 
crucial to account for the role of both natural and anthropogenic forest disturbances 
and how changes to either of these disturbance regimes will affect aquatic environ- 
ments. Natural disturbances that shape the structure and ecological functioning of the 
terrestrial component of the boreal forest have been well covered by Gauthier et al. 
(2009) and are already included in the sustainable management of boreal forests. 
Nonetheless, their effects on aquatic habitats have not been fully discussed, partly 
because of knowledge gaps, and it is crucial to consider possible effects in future 
management frameworks. 

The effects of natural and anthropogenic disturbances, such as fire and forest 
harvesting, on freshwaters in the boreal forests have been studied previously 
(Carignan et al., 2000; Garcia & Carignan, 1999; Patoine et al., 2000; Pinel-Alloul 
et al., 1998). This research has shown that fires strongly affect the water biogeo- 
chemistry (Lamontagne et al., 2000; Olefeldt et al., 2013) through, for example, the 
increase of additional inputs such as phosphorus, which can be directly related to 
the proportion of burned areas (Carignan et al., 2000). Recently burned watersheds 
and their associated organic inputs into the surrounding freshwaters can increase 
lake metabolism and, therefore, the liberation of carbon through aquatic respiration 
(Marchand et al., 2009). Carignan et al. (2000) proposed a simple model to estimate 
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the impact of fires on lakes on the basis of the burned watershed area divided by 
the lake's area or volume. Although the effects of fire on lake biogeochemistry have 
been addressed in these studies, research into the impact on food web functioning 
and ecology is almost nonexistent. Planas et al. (2000), however, demonstrated that 
fires modify the biomass and composition of algal communities. Moreover, Patoine 
et al. (2000) showed that zooplankton biomass is affected after a forest fire, albeit 
for only a few years, before returning to a normal level; this pattern suggests a high 
resilience capacity for lakes. 

Both forest harvesting and fires can physically disturb aquatic ecosystems, as 
the removal of forest biomass by burning or harvesting increases a water body's 
exposure to wind (Montoro Girona et al., 2019; Scully et al., 2000). However, the 
impacts of forest harvesting on aquatic habitats often differ from that of fires, causing 
water tables and streamflow to fluctuate more if harvesting is carried out on unfrozen 
soil (Veny, 1986). Forest harvesting also affects water physicochemical properties 
by increasing dissolved organic carbon (DOC), algal biomass, and total nitrogen 
(Steedman, 2000). The concentration of DOC increases significantly one year after 
logging without changing its characteristics and usually decreases and returns to 
normal levels one to two years later (Glaz et al., 2015). The additional nutrients and 
DOC inputs may positively impact juvenile fish growth via an increased primary 
production in the lake and reduced prey visibility in browner waters (Leclerc et al., 
2011). However, these effects depend on the relative increase of nutrients versus DOC 
because the growth rate and abundance of fish are negatively affected by DOC (Benoit 
etal., 2016). An important aspect to consider in the sustainable management of forests 
is that forest harvesting increases methylmercury bioaccumulation in zooplankton 
and fish via the mercury and methylmercury loadings associated with t-DOM inputs 
from land to aquatic systems (Garcia & Carignan, 2000; Wu et al., 2018). The effect 
can be mitigated by an associated higher nutrient input that alters food web structure 
and productivity (de Wit et al., 2014). To our knowledge, the impact of disturbances 
other than fire and harvesting, such as insect outbreaks or windthrows, on freshwater 
ecology has yet to be appropriately studied in the boreal forest, highlighting the need 
for more research to better understand the possible effects of disturbance on aquatic 
ecosystems. 

It is of utmost importance to consider the potential impacts of forestry on aquatic 
habitats in future sustainable forest management guidelines because of the role of 
aquatic habitats in the boreal region in providing important ecosystem services. 
The consequences of not taking potential impacts into account include browner and 
more nutrient-rich water caused by anthropogenic, e.g., forest harvesting, or natural 
disturbances, e.g., fires, affecting drinking water supplies, commercial fishing, and 
recreational activities (Kritzberg et al., 2020). The browning of waters is associ- 
ated with a higher concentration of aromatic molecules, which are more difficult 
to degrade by aquatic microbes (Koehler et al., 2012). Brown waters containing 
greater amounts of dissolved organic molecules require more treatment with chem- 
ical precipitation using FeCl5, AlCl3, or Alo(SO4)5, which increases water treatment 
costs and the risks to human health (Kritzberg et al., 2020). Fisheries are susceptible 
to forestry practices because logging alters water properties, diminishes fish growth, 
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and increases methylmercury in aquatic food webs. Sportfishing is an important 
activity in the economy and culture of boreal countries, generating in Canada, in 
2018 alone, $3.5 billion CDN in income and supporting 58,000 jobs (Conference 
Board of Canada, 2019). Finally, many water-associated recreational activities, such 
as boating, kayaking, and swimming, are potentially impacted by logging. Brown 
lake water having a high DOC concentration is not considered a high-quality environ- 
ment for water sports, and the increased nutrients in water may cause cyanobacterial 
blooms and liberate toxins harmful to humans. It is therefore essential to include 
considerations of freshwater ecology in the management of the boreal forest to 
achieve sustainable management goals. 

Over the last decades, several tools and approaches have been developed in various 
parts of the boreal biome to minimize the impact of forestry practices on aquatic 
habitats, including riparian buffer strips, partial cutting (Fig. 29.4), and continuous 
cover forestry. Riparian buffer strips have served as the main silvicultural tool to 
preserve aquatic habitats from harvesting activities. The riparian strip is a physical 
barrier of vegetation and trees between uplands and rivers or lakes. This vegetation 
prevents or diminishes the input of organic and inorganic materials into the adjacent 
freshwater by reducing erosion and runoff (Kuglerová et al., 2014). Riparian strips 
also represent a refuge habitat for numerous groups of species and are used as a 
corridor to improve the connectivity across boreal landscapes (Barton et al., 1985; 
Machtans et al., 1996). Nonetheless, riparian strips are very vulnerable to wind 
exposure; therefore, their width and configuration must be modified in accordance 
with the topographic and forest stand conditions to guarantee their viability over 
the long term (Ruel et al., 2001). Partial cutting, where between 30 and 70% of 
the forest cover is logged, is also used as an intermediate disturbance to reduce the 
negative effects of logging on adjacent freshwaters (Montoro Girona et al., 2017, 
2018; Moussaoui et al., 2020). One aspect that has been little studied is tree species 
composition and tree diversity around freshwaters and their role and impact on the 


Fig. 29.4 a Partial cutting on the North Shore as part of the MISA experiment, Québec, Canada; b 
Forest buffers in a landscape in Abitibi-Témiscamingue, Québec, Canada. Photo credits a Miguel 
Montoro Girona, b Guillaume Grosbois 
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aquatic ecology. However, recent studies have suggested that species composition 
and diversity could play an important role (Karna et al., 2019; López-Rojo et al., 
2019). 


29.8 Conclusions 


As boreal stands lie within a watershed, all natural and anthropogenic disturbances 
on the land within the watershed also influence the associated aquatic environments. 
Nonetheless, aquatic environments have been overlooked when assessing current 
silvicultural practices in boreal forests. In the sustainable management of the boreal 
forest, forestry operations emulate natural disturbances to reduce harvesting effects 
on forests. This approach also reduces the impact on freshwaters, as aquatic envi- 
ronments also experience the effects of natural disturbances on land, despite being 
largely untouched directly by anthropogenic disturbances. However, there remains a 
lack of information about the consequences of both natural and anthropogenic distur- 
bances on aquatic environments. In this chapter, we have described the main effects 
of terrestrial changes to the watershed on aquatic habitats and how these changes 
in turn affect the forest. The complex interconnectivity between aquatic and terres- 
trial habitats should ultimately be included in the sustainable management of the 
boreal forest to preserve the health of the boreal biome. A healthy boreal biome will 
be crucial in mitigating climate change and managing the increased intensity and 
frequency of natural disturbances likely to heighten the vulnerability of freshwaters. 
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Abstract Measuring climate change impacts on forest ecosystems can be chal- 
lenging, as many of these changes are imperceptible within the typical time scale 
of short-term (e.g., 3—4 years) funding of research projects. Boreal trees are notori- 
ously imperturbable, given their tolerance to harsh conditions and their adaptability. 
However, the buildup of decades of warming should now translate into measurable 
alterations of boreal ecosystem processes. The boreal forest is host to numerous 
northern animals; therefore, any change in boreal forest dynamics should affect 
wildlife. In this chapter, we aim to provide a nonexhaustive synthesis of documented 
impacts of climate change on selected key processes driving boreal forest ecosystem 
dynamics. We focus on the themes of plant and wildlife range shifts and stand growth 
and death, as they are keystone parameters of boreal forest ecosystem health that are 
symptomatic of climate change impacts on the boreal biota. For each theme, we intro- 
duce the general concepts and processes, convey some of the limitations of current 
assessments, and suggest future pressing challenges. 
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30.1 Theme 1: Plants and Wildlife Range Shifts, 
Expansions, and Contractions 


30.1.1 General Concepts and Processes at Play 


For decades, wildlife range shifts have fascinated biologists, biogeographers, hunters, 
and conservationists given the forces at play in nature that dictate the rules of wildlife— 
habitat relationships. Fundamentally dynamic (Laliberte & Ripple, 2004), species 
ranges respond to a variety of factors, including geological forcing, climate change, 
and the forces driving the recent and projected biodiversity decline, namely anthro- 
pogenic habitat loss, overexploitation, and invasive species (Purvis et al., 2000). 
Moreover, many of these drivers interact; for example, an ecosystem can show a 
greater vulnerability or an enhanced resistance to invasive species because of climate 
change (Walther et al., 2009). Understanding the factors contributing to species range 
shifts, contractions, or expansions is crucial not only to develop rigorous predictions 
of future changes in species distributions but also to implement conservation and 
management strategies that can slow these changes or at least mitigate the added 
influence of humans on flora and fauna (Laliberte & Ripple, 2004). This is especially 
relevant now that many authors consider human-related activities as the ultimate 
driver explaining worldwide range shifts, contractions, and expansions (Channell & 
Lomolino, 2000; Lawler et al., 2009). 

In this section, we focus on range shifts driven by climate change— including 
the synergistic effects of other drivers of change in local biodiversity—by briefly 
surveying the relevant methods for studying, modeling, and predicting future shifts, 
expansions, and contractions in species distributions. We also discuss the limita- 
tions of these approaches and document three contrasting case studies to illustrate 
different scenarios. To facilitate an understanding of the mechanisms at play, we 
propose using the following definitions of concepts central to the study of range 
shifts. First, we use the term effect to refer to a change in the environment that results 
from a disturbance and the term impact to represent the consequences of this change 
for wildlife populations (Wärnbäck & Hilding-Rydevik, 2009). We also differentiate 
between climate and weather. According to Watson, (1963), climate refers to the 
interplay between solar energy, temperature, air movement, rain and snow, atmo- 
spheric humidity, and mist and fog. The seasonal pattern of change in these variables 
and the similar interactions from year to year constitute the climate per se in its 
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geographical meaning. The short-term (daily, weekly) deviations from this pattern 
are called weather. Finally, we refer to several common concepts in ecology, e.g., 
physiological constraints, competition, predation, diseases, parasites, as potential 
mechanisms linking drivers of change, e.g., climate change, to the species of interest 
via their interplay with other species and components of the ecosystems. 


Box 30.1 Observed Climate Change in Boreal Forest Ecosystems 


North American boreal forests have experienced an average 2 ?C warming since 
the 1950s, with the greatest warming observed in northern Canada (Zhang et al., 
2015). Eurasian boreal forests are also warming rapidly, with 1.35 and 2.00 °C 
increases in summer and winter temperatures since 1881, respectively, and 
the warming rate is accelerating (Groisman & Soja, 2009). Warming patterns 
vary seasonally; winter temperatures have been increasing faster than summer 
temperatures across boreal forests, with over 4 °C warming in some areas of 
North America since the late 1940s. Concurrently, annual precipitation has 
remained constant in Eurasia, whereas precipitation increases of 5—30% have 
been recorded in North American boreal forests, albeit with wide spatial vari- 
ations and great uncertainty (Zhang et al., 2015). Extreme temperatures have 
also shifted toward more extreme-warm days and fewer extreme-cold days. 
Such warming has lengthened the growing season by approximately two weeks 
over the last 30 years, concurrent with a reduction in spring snow cover. Such 
warming, combined with limited changes in precipitation, has led to increased 
heat-induced drought and a rapid degradation of the permafrost. 


30.1.2 Brief Overview of the Methods (and Limits) 


Multiple approaches are used to assess species' vulnerability to environmental 
change, thereby paving the way to understand range shifts, contractions, and expan- 
sions induced by climate change or other drivers. Pacifici et al. (2015) catego- 
rized these approaches into four types: correlative, mechanistic, trait-based, and a 
combination of different approaches. 

Correlative approaches, often referred to as species distribution models (SDMs) 
or ecological niche models (ENMs), are frequently used to assess the impacts of 
disturbances on species distribution across a geographical range within the limits of 
the species' realized niche (Guisan & Thuiller, 2005). These models are supported by 
correlations between current species distributions and current environmental covari- 
ates; the models are then run with the predicted changes in environmental covari- 
ates to extrapolate future species distributions for a variety of taxa (Pacifici et al., 
2015) and across spatial scales (Harrison et al., 2006). Although correlative models 
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have the advantages of being spatially explicit, generally user-friendly, and adapt- 
able to various types of data, they are also limited by their inherent correlative nature 
(Sinclair et al., 2010), debatable underlying assumptions, e.g., the current distribution 
of a species reflects an equilibrium with its environment, and the inability to capture 
the complexity of the biological processes driving shifts in species distributions over 
time. 

Mechanistic models require more parameters than correlative approaches to docu- 
ment the behavior or mechanisms developed by organisms to cope with changing 
environmental conditions (Huey et al., 2012). They rely on empirical relationships 
linking climate parameters and demographic rates or physiological tolerances and 
generally focus on a single species (Deutsch et al., 2008). Mechanistic species 
distribution models are viewed as being more robust than correlative models for 
predicting species’ responses to climate change (Evans et al., 2015). These models 
provide insights into the fundamental niche of the climatic space that an organism can 
occupy rather than the realized niche of a species—the latter more commonly obtained 
through a correlative approach (Morin & Thuiller, 2009). Nonetheless, mechanistic 
niche models are limited by the need for large amounts of data, being often species- 
specific, and not fully accounting for the dispersal ability or biotic interactions of the 
modeled species. 

Trait-based approaches rely on the representative biological characteristics of a 
species, which translate into the sensitivity and adaptability of a species to future 
change (Aubin et al., 2016; Moyle et al., 2013; Rowland et al., 2011). Contrary to the 
two abovementioned approaches, trait-based models are simpler, easier to use, and 
apply to multiple species. These advantages could account for the popularity of trait- 
based approaches among practitioners in conservation and management agencies. 
However, the accuracy of trait-based approaches is limited by the arbitrary selection 
of vulnerability thresholds for the various traits under analysis, as thresholds are based 
on expert opinion or observations for which environmental variations are poorly 
understood. This arbitrary selection can add uncertainty to predictions (Foden et al., 
2013), lead to inconsistent results within species (Lankford et al., 2014), and produce 
incoherent comparisons between taxonomic groups when different traits are selected. 
Trait-based approaches are often difficult to validate, have low explanatory power, 
and are of limited utility for conservation and management (Angert et al., 2011). 

Given these limitations, there is growing consensus that combining different types 
of models and data is the most suitable approach (Pacifici et al., 2015), including 
criteria-based approaches (Thomas et al., 2011), correlative trait-based approaches 
(Barbet-Massin et al., 2012), and mechanistic-correlative approaches (Dullinger 
et al., 2012). The latter include the very effective dynamic-range models (Lurgi 
et al., 2015), which are supported by spatially explicit demographic individual-based 
models (McLane et al., 2011). 
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30.1.3 Case Study 1.1 The Northern Biodiversity Paradox 


Although we are currently observing a worldwide loss of biodiversity, some northern 
regions are experiencing (or will experience) an intriguing phenomenon: an increase 
in local species richness. This phenomenon, called the northern biodiversity paradox, 
involves climate change-induced increases in local biodiversity in the northern lati- 
tudes. Given that the ranges of several species are currently limited by low tempera- 
tures, e.g., ectotherms (Aratijo et al., 2006), this concept holds that climate warming 
will lead to a northern range shift of many species (Parmesan & Yohe, 2003). 

Berteaux et al., (2018) applied climate-niche modeling, using 1961—1990 data, 
to assess the potential impacts of climate change on the probability of occurrence for 
529 species within 1,749 protected areas spread over approximately 600,000 km? 
in Québec (Canada). This extensive study area encompassed the northern limit of 
the distribution of several species of animals (birds and amphibians) and trees and 
other vascular plants. The regional climate is currently characterized by cold winters 
and short summers, limiting several species that are poorly adapted to the harsh 
winter conditions and short growing seasons. Berteaux et al.'s modeling suggested 
that a major species turnover is very likely within a 50- to 80-year horizon (CE 
2071—2100), assuming all studied species can track their suitable climatic condi- 
tions. Depending on the specific protected area, their model projects either a relative 
gain in species diversity (12—530%) or relative loss (7—55%). The greatest gains are 
predicted for the northernmost parts of Québec's protected area network (approx- 
imately 50? —52?N), and losses will occur mainly in the southern areas. Overall, 
average species richness is predicted to increase in this northeastern region of North 
America because of climate warming, illustrating well the northern biodiversity 
paradox. 

Berteaux et al.'s results nonetheless suggest that the arrival of several new colo- 
nizing species in northern areas could alter the structure and functioning of northern 
ecosystems, as observed by others (Elmhagen et al., 2015; Foxcroft et al., 2017; 
Gallant et al., 2020), compromising further several at-risk species in northern 
environments (Alda et al., 2013). Many studies confirm that wildlife species are 
expanding their distribution range at their high-latitude or high-elevation (cool) 
margins, whereas these species' low-latitude and low-elevation (warm) margins are 
retracting to higher latitudes and elevations. For example, Gallant et al., (2020) 
demonstrated that the impressive 21,700 km poleward range shift of the red fox 
(Vulpes vulpes) into the Arctic over the last century occurred both during cooling 
and warming climate phases; however, they showed that the highest migration rate 
of the red fox occurred during warmer winters. More globally, the meta-analysis 
conducted by Chen et al., (2011) determined that the range limits of 764 plant and 
animal species have moved, on average, 16.9 km northward per decade owing to 
climate warming. Wilson et al., (2005) highlighted range contractions along the 
warmer margins of distribution ranges for 16 butterflies species. The altitude rise 
of the butterflies’ lower elevation limit (averaging 212 m over 30 years) caused a 
33% loss in suitable habitat for these taxa. Serious issues arise when the southern 
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(warmer) edge of a range contracts faster than the northern (cooler) margin can extend 
(Jackson & Sax, 2010), as shown by Wiens (2016) for many taxa that were part of 
a survey of 976 animal and plant species. Over the long term, such an asymmetrical 
shift in range boundaries results in species becoming trapped by the displacement 
of suitable habitat conditions. This situation can counterbalance or even reverse the 
current regional increase in species richness observed in northern latitudes (Berteaux 
et al., 2018). 


30.1.4 Case Study 1.2 Compositional Shifts in Tree 
Regeneration 


Poleward migration in response to warming is an expected response of tree species 
as suitable climate conditions shift northward in the boreal forest (Périé & de Blois, 
2016); however, trees and plant species require multiple generations of dispersal 
and a successful establishment at previously unoccupied sites before sustained range 
shifts can be detected. An approach for detecting range shifts is the percentile method, 
which links changes in species presence to latitude. This method provides evidence 
of range shifts when combined with broad spatial assessments of plot occupancy 
(gain, loss, or unchanged; Boisvert-Marsh et al., 2014). Analyzing latitudinal tree 
shifts across broad geographic areas requires consistent survey methods through 
time (Woodall et al., 2009), the precise recording of survey locations (Tingley & 
Beissinger, 2009), and extensive data coverage (Shoo et al., 2006). In 1970, the 
Québec Ministry of Forests, Wildlife and Parks established an extensive network 
of inventory plots south of 53?N to characterize forest resources for commercial 
purposes in the province. At present, four inventories have been completed across 
more than 6,200 permanent plots (approximately 761,000 km?), of which over 70% 
are located in the boreal forest. Recent studies in forest ecology have used this excep- 
tional data set, demonstrating that tree regeneration patterns and overall community 
dynamics are shifting mainly at the transition between the northern temperate forest 
and the southern boreal forest (Boisvert-Marsh, 2020; Boisvert-Marsh et al., 2014; 
Duchesne & Ouimet, 2008). 

Recruitment patterns of juvenile stages, e.g., saplings, can provide early evidence 
of shifting regeneration patterns and migration trends, revealing the biotic or abiotic 
factors that facilitate or hinder range shifts. Using this approach, Boisvert-Marsh 
(2020) detected southward latitudinal shifts between 1970 and 2015 for black spruce 
(Picea mariana), white spruce (Picea glauca), and balsam fir (Abies balsamea). 
These shifts were driven by occupancy gains into mixed temperate balsam fir-yellow 
birch (Betula alleghaniensis) domains and southern boreal balsam fir—white birch 
(B. papyrifera) domains. White birch and trembling aspen (Populus tremuloides) 
showed evidence of a northward latitudinal shift combined with occupancy gains 
toward the northern edge of the inventory area. Red maple (Acer rubrum) also 
showed a northward shift, increasing its presence within the southern edge of the 
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boreal forest. Climate is not the only factor, however, that can drive such large- 
scale migrations in regeneration. Notably, changes to stand dynamics precipitated 
by disturbances elicit species turnover and can break the inertia that inhibits more 
southerly species from moving northward. Although there is some evidence that 
sugar maple (Acer saccharum) could colonize sites with conditions typical of the 
boreal forest (Kellman, 2004), edaphic and climatic factors interact to mitigate the 
extent of its northward migration, at least for now (Boisvert-Marsh & de Blois, 
2021; Boisvert-Marsh et al. 2019; Collin et al., 2018). Moderate to major distur- 
bances are accelerating species turnover toward stands dominated by red maple, 
white birch, and trembling aspen (Brice et al., 2019), particularly in the southern 
boreal where balsam fir is common. Harvesting is linked to red maple regeneration 
in this area, and the expansion of red maple is aided further by its ability to recruit 
into plots with white birch. As expected, white birch and trembling aspen recruitment 
in the boreal forest has occurred into plots where black spruce or balsam fir were 
formerly present but that have been removed through harvesting (Brice et al., 2019). 
As fires, insect outbreaks, and windthrow are expected to become more frequent and 
intense with climate change—coupled with the northward expansion of harvesting 
activities— disturbances could create conditions for other temperate species to follow 
suit. Such changes to plant and tree communities influence the spatial arrangement 
and availability of wildlife habitat, e.g., resources and shelter, such that range shifts 
in one species can trigger shifts in others. 


30.1.5 Case Study 1.3. Under Pressure: The Case of Boreal 
Populations of Woodland Caribou 


Although several studies have documented recent shifts in species' ranges, range 
expansion or contraction, and projections of future range shifts related to climate 
change, many other species have experienced displacement by a combination of 
the five main drivers of biodiversity loss (listed above), in particular anthropogenic 
habitat loss. Across the Northern Hemisphere, we have witnessed a global decline 
of caribou (in North America) and reindeer (in Eurasia) subspecies, mainly driven 
by human-induced disturbances (Vors & Boyce, 2009). In North America, the boreal 
populations of woodland caribou, an ecotype of the Rangifer tarandus caribou 
subspecies, has been historically associated with the pan-Canadian belt of boreal 
and temperate forests, extending its range as far south as New England (Fig. 30.1; 
reviewed in Bergerud & Mercer, 1989). The current distribution range of boreal 
caribou is considerably reduced relative to its historical range, as this ecotype has 
beenextirpated from much of the Maritimes, the northeastern United States, and south 
of the St. Lawrence River (Fig. 30.1; COSEWIC, 2014). Similar range contractions 
have been recorded in southwestern Canada and the northwestern United States 
where local populations of caribou have disappeared (Grant et al., 2019; Seip & 
Cichowski, 1996). 
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Fig. 30.1 Historical and current distribution (orange shading) of boreal caribou across the boreal 
ecozones (green shading) of Canada. Note that because of the lack of information on the histor- 
ical distribution of boreal caribou in British Columbia, the historical southern extent in that 
province tracks the boreal ecozone boundary (red line). Adapted from Environment Canada (2011), 
permission courtesy of Environment and Climate Change Canada (ECCC) 


Multiple studies have highlighted the major role of industrial activities in causing 
this range contraction (e.g., Rudolph et al., 2017; Schaefer, 2003; Vors & Boyce, 
2009)—related to an increase in the number and efficacy of predators (e.g., Seip, 
1992; Whittington et al., 201 1) and maladaptive caribou behavior in human-disturbed 
landscapes (e.g., Lafontaine et al., 2019; Leclerc et al., 2014; Losier et al., 2015). In 
contrast, few studies have identified climate change as a driver of this caribou range 
contraction (however, see Yannic et al., (2014) for the last 21,000 years). Untangling 
the respective roles of past climate change and anthropogenic-related habitat loss as 
drivers of boreal caribou range contraction is not an easy task, as both have occurred 
and expanded their influence simultaneously during the last decades. Land use- 
related impacts, because of their significance within the boundaries of the caribou 
range, have received most of the research effort. Schaefer (2003), for example, related 
the 1880—1990 southern range contraction (34,800 km? per decade) of caribou in 
Ontario to the northern advance of timber harvesting, reporting a northward range 
recession of 34 km per decade for the caribou; however, climate change was not 
linked to this shift. Such conclusions are not unique, as most recent short-term studies 
have struggled to isolate the effects of a changing climate as a potential explanation 
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of caribou decline. This is not surprising considering that climate change impacts 
are more complex to study over the long term than human-induced disturbances. 
Nevertheless, a smaller (but growing) number of researchers have recently focused 
their efforts on distinguishing the potential impacts of climate change from the effect 
of anthropogenic habitat loss along the boundaries of current and future caribou 
distribution ranges. 

Using multiple environmental suitability models, Murray et al. (2015) suggested 
that the distribution range of woodland caribou in the boreal forest will decrease 
by approximately 29-52% by 2080 under various climate change scenarios. Barber 
et al. (2018) applied the analytical framework of Whitman et al. (2017) to model 
changes to the extent of future caribou habitat in Alberta. They point out that the 
boreal caribou range in Alberta will experience a severe contraction under various 
climate change scenarios. This decrease is triggered by a marked increase in grassland 
vegetation by the 2080s that results in the contraction of mixedwood and coniferous 
forests, which are suitable habitats for caribou (following Schneider et al., 2009). 
This projected shift in vegetation favors an increase in white-tailed deer (Odocoileus 
virginianus) and its predators (gray wolf, Canis lupus; see Latham et al., 2011) 
and also an increased prevalence of deer-related disease, as highlighted previously 
(Pickles et al., 2013). 

These indirect effects are all expected to compromise the long-term persistence of 
caribou in the boreal forest landscapes of this Canadian province (Barber et al., 2018). 
These examples predict coarse changes in caribou distribution through correlative 
or mechanistic models; however, we still lack sufficient knowledge of the fine-scale 
mechanisms linking the behavior and demography of caribou, predators, and their 
alternate prey under variable weather (e.g., Bastille-Rousseau et al., 2018; Leclerc 
et al., 2019). These relationships should be linked with changing climate, especially 
in regard to a synergy with intensive land use within the caribou range, e.g., timber 
harvesting, mining, and oil and gas extraction (Festa-Bianchet et al., 2011), to assist 
in orienting conservation efforts and ensure the persistence of this iconic species. 


30.1.6 Future Challenges 


Understanding species range shifts, expansions, and contractions has broad implica- 
tions for scientists but also for politicians, industries, NGOs, and many other stake- 
holders. These implications range from predictions of the functioning of ecosystems, 
sources of food provisioning, conservation efforts for protecting currently endan- 
gered species, and the management of potentially depredating species. Researchers 
have provided decision-makers with various modeling tools that can support predic- 
tions of future range displacement; despite all these efforts, however, uncertainty 
remains and requires greater attention. Although climate change could facilitate 
species' range expansion into regions where they are currently unable to survive 
and reproduce (Walther et al., 2009), other facets of change could limit a species’ 
ability to track suitable climate and habitat. Schloss et al. (2012) estimate that across 
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the Americas, approximately 9.2% of mammals will likely be unable to keep pace 
with projected climate change. Among the 87% of mammalian species that will 
suffer range contraction, 2046 will likely be limited by their dispersal capacities. The 
authors conclude that mammalian vulnerability to climate change may be more exten- 
sive than previously anticipated; therefore, dispersal capacities must be included in 
range-shift models to improve our projections of species distribution and vulnerabil- 
ities as well as our conservation efforts, thus joining conclusions obtained by other 
research teams (e.g., Barbet-Massin et al., 2012; Sinclair et al., 2010). 

Similarly, integrating the level of plasticity and local adaptations to our under- 
standing of current distributions can improve future predictions (Peterson et al., 
2019; Valladares et al., 2014). As our world is profoundly impacted by the human 
footprint—characterized by impressive levels of loss and fragmentation of natural 
habitats (Fahrig, 2003)—a better understanding of the interactions between these key 
pressures on biodiversity and climate change is urgently needed (Hof et al., 2011; 
Howard et al., 2020; Opdam & Wascher, 2004). 


30.2 Theme 2: The Life and Death of Warmer Boreal 
Forests 


30.2.1 General Concepts and Processes at Play 


Shifts in demographic indices, e.g., growth and mortality rates, are major indicators of 
changes in stand health (Berdanier & Clark, 2016), whereas the relationship between 
these indices and environmental drivers yields information on the capacity of species 
to cope with climate change (Buechling et al., 2017; Foster et al., 2016). In this sense, 
changes in demographic performance indices may be easier to detect than actual range 
shifts, which require the local extirpation of all individuals or a marked migratory 
movement (Vanderwel & Purves, 2014). 

All trees found in the boreal forest ecosystem must confront the challenge of 
surviving long, cold winters and then reacting quickly to the ticking clock during 
the brief warm summer when species must complete their life cycle. Therefore, a 
reasonable expectation is that boreal plants should thrive under a warmer climate. 
Warming has been shown to release some constraints, such as low soil fertility and the 
short growing season, imposed by harsh climates (D'Orangeville et al., 2014; Myneni 
et al., 1997; Peñuelas et al., 2009). However, these benefits may be outweighed 
by the increased metabolic cost to the plant under warmer, drier conditions; for 
example, an earlier spring increases summer drought stress (see Buermann et al., 
2018) and frost damage (Marquis et al., 2020). Species may also struggle to maintain 
their competitive fitness under a warmer climate (Clark et al., 2014) and intensified 
disturbance regime (Gauthier et al., 2015). 

Under controlled conditions, some physiological processes of boreal tree species 
can tolerate warming as long as the tree has access to sufficient resources to sustain the 
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co-occurring increase in metabolic cost. For example, a mechanistic model calibrated 
with physiological data demonstrated that the growth of black spruce is optimal at 
temperatures found at its southern range limit; however, at these southern latitudes, 
the tree requires much greater amounts of resources (Bonan & Sirois, 1992). Nonethe- 
less, other life cycle processes of boreal tree species, such as bud break or seed 
production, may be poorly adapted to warming. As competition for water, nutrients, 
light, and space resources is already the main driver of closed-crown forest mortality 
and growth (Franklin et al., 1987; Oliver & Larson, 1996), climate-related shifts in 
resource availability, e.g., water, have the potential to radically transform a species’ 
competitive fitness, with the specific consequences dependent on stand composition, 
structure, and density (Clark et al., 2016). Notably, warming-induced drought stress 
can halt photosynthesis and deplete carbohydrate reserves in trees, thus reducing 
carbon allocation to growth or defensive compounds (Anderegg et al., 2015; Waring, 
1987). In turn, these weakened defense mechanisms, coupled with warming-induced 
shifts in the range limits of certain pests and pathogens, can heighten a tree species’ 
susceptibility to secondary stressors and damage from insect outbreaks (Anderegg 
et al., 2015; Kurz et al., 2008; Navarro et al., 2018). Drought-induced tree mortality 
often takes years or decades to occur, and this slow drought-imposed trajectory to 
tree death has been referred to as the death spiral (Franklin et al., 1987; Manion, 
1991). 


30.2.2 Brief Overview of Methods (and Limits) 


Three data streams are commonly used to monitor how boreal forest ecosystems 
adjust to ongoing climate change: tree-ring records, remote sensing information, 
and permanent sample-plot data (Marchand et al., 2018). By matching annual 
tree-ring width to its year of formation, we can turn back time and reconstruct 
growth trends by relating ring width to climate (Girardin et al., 2016). Nonethe- 
less, the usual lack of concurrent information on past changes in stand structure—the 
fading record problem—can introduce considerable bias when linking long-term, 
i.e., several decades, growth changes to climate when such growth changes can also 
be due to variations in stand density and stand development (Swetnam et al., 1999). 
Although remote sensing can capture information over quite large areas, several 
trade-offs for this broad coverage remain, including a coarse spatial and temporal 
resolution and the challenge of relating productivity indices, such as the Normalized 
Difference Vegetation Index, to specific ecosystem processes (National Academies of 
Sciences, Engineering, and Medicine, 2019). Permanent sample plots (PSP) provide 
a coarser time resolution than tree-ring records; nonetheless, they offer an exhaustive 
record of all changes in growth and mortality within a given plot over time. Another 
approach is to use snapshot data, i.e., a single measurement in time, to measure 
impacts among a diversity of forest stands following climatic anomalies (Michaelian 
et al., 2011). 
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Impacts from extreme climatic events are easier to detect than long-term, gradual 
climate change-driven shifts in stand demographics. Stand demographics vary natu- 
rally with stand development following stand-replacing disturbances such as fire 
or forest management (Lutz & Halpern, 2006). These processes may further be 
affected by secondary stressors, e.g., pests/pathogens, which are often difficult to 
detect. Researchers are faced with the challenging task of assessing the interactions 
between climate and stand processes or controlling for all these driving factors, some- 
times leading to the exclusion of more than 95% of initial study plots; these issues 
raise the question of the representativeness of the obtained conclusions (Ma et al., 
2012; Peng et al., 2011). 


30.2.3 Case Study 2.1 Mortality in the Boreal Forest of North 
America 


Here, we review the recent mortality trends and pulses for boreal forest trees of 
North America and the role of climate change in explaining these patterns. The 
2001—2002 drought that affected boreal aspen stands in western Canada offers a 
striking glimpse of the possible impact of future climate anomalies on northern forest 
health. Precipitation was halved that year, and extensive mortality—up to 8096 in some 
stands—quickly followed in this water-limited boreal ecosystem (Hogg et al., 2008; 
Michaelian et al., 2011). Climate warming has also been related to the unprecedented 
severity of recent insect outbreaks. The most recent mountain pine beetle (Dendroc- 
tonus ponderosae) outbreak in western Canada was ten times larger than all previous 
recorded outbreaks (Kurz et al., 2008), related to a combination of warming, which 
enabled the survival of the insect outside its typical range, and recent drought, which 
weakened the host trees (Taylor et al., 2006). By 2013, 53% of all merchantable pine 
in British Columbia had been killed by the insect (Walton, 2013). This deadly combi- 
nation of warmer temperatures and drought similarly favored the expansion of the 
spruce beetle (D. rufipennis) into colder areas of Alaska's boreal forest (Berg et al., 
2006). The punctual nature of insect outbreaks makes it difficult to identify warming- 
associated trends over time; however, the robust correlations between temperature 
and outbreak events provide a compelling case for a climate influence on both spruce 
(Berg et al., 2006) and mountain pine beetle (Logan & Powell, 2001). Similar conclu- 
sions can be reached regarding forest fires. Temperature is one of the best predictors 
of long-term trends of area burned (Flannigan et al., 2005); thus, unsurprisingly, 
annual burned forest areas have increased markedly to 2.5 million ha-yr^! since the 
1970s, closely tracking regional human-induced warming (Gillett et al., 2004). There 
is, however, marked regional variability in some regions of Canada, particularly in 
eastern Canada, which shows a decrease in annual area burned (Hanes et al., 2019). 

Whereas linkages between climate change and disturbance-induced mortality are 
unanimously supported by the peer-reviewed literature, the exact role of climate 
change on mortality within undisturbed boreal stands remains more tenuous. The 
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monitoring of permanent sample plots has revealed a threefold increase in mortality 
rates across western boreal North America since the 1950s (e.g., Hember et al., 
2017; Luo & Chen, 2013, 2015; Peng et al., 2011; Thorpe & Daniels, 2012; Zhang 
et al., 2015). In comparison, eastern Canada shows no strong evidence of increasing 
mortality rates, from a weak 0.296 increase in annual mortality (Peng et al., 2011) to 
no change at all (Ma et al., 2012). Is climate change linked to this recent increase in 
mortality? In the cool and wet foothills of west-central Alberta, Thorpe and Daniels, 
(2012) could not detect any relationship between climate and increasing mortality 
rates. Rather, stand development processes, mainly tree size and basal area, appear 
to drive these mortality increases. In drier boreal forests, the water deficit displays 
only a weak covariation with long-term mortality trends (Luo & Chen, 2015; Peng 
et al., 2011; Zhang et al., 2015). Given the low temperatures observed in boreal 
forests, if a water deficit is not predominant, warming effects could be affecting 
multiple stand processes, such as growth or competition, thereby affecting our ability 
to establish clear causal relationships. For instance, analysis of large-scale tree- 
ring collections and exceptionally old trees has established that higher growth rates 
reduce tree longevity (Black et al., 2008; Di Filippo et al., 2015). Such concomitant 
increases in growth and mortality rates in western Canada have been observed by 
some researchers (Chen & Luo, 2015; Luo & Chen, 2015; Searle & Chen, 2018) 
but not all (Ma et al., 2012; Zhang et al., 2015). If true, this would support the 
hypothesis of a temperature-driven acceleration of stand developmental processes, 
potentially related to improved water-use efficiency with increasing CO» (Giguére- 
Croteau et al., 2019), a longer growing season (D’ Orangeville et al., 2016, 2018), or 
increased microbial activity in soils releasing more nutrients (D'Orangeville et al., 
2014). Similarly, joint increases in competition and mortality over time have also been 
reported, despite limited evidence for their interaction with climate (Luo & Chen, 
2013; Zhang et al., 2015). Given the control exerted by competition over tree growth 
response to climate (Clark et al., 2011; Ford et al., 2017), our poor understanding of 
the mechanisms behind this increase in competition over time is astonishing (Price 
et al., 2015). Uncovering these mechanisms will require the acquisition of species- 
specific demographic response curves to determine the interactive effects of warming 
and drying. 


30.2.4 Case Study 2.2 Recent Growth Trends in Asian Boreal 
Forests 


Whereas Scots pine (Pinus sylvestris) is associated with the southern boreal forests 
of Asia, Dahurian larch (Larix gmelinii) dominates the northern forests, where its 
growth is restricted by the presence of permafrost. The high productivity reported 
for larch trees growing on upland sites is contrasted by the extremely low produc- 
tivity of this species on permafrost plains and wetlands (Gauthier et al., 2015). 
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Regional climate warming, via the thawing of permafrost to greater depths, is trig- 
gering complex shifts in tree growth. Larch has been experiencing large increases in 
growth on the plains (Fig. 30.2; Zhang et al., 20192) and decreased growth in wetlands 
(Jufiéka et al., 2020). The positive growth response observed on permafrost plains 
could be transitory, however, as climate warming is likely to convert some areas of 
the permafrost plains into waterlogged wetlands. These results stress the important 
role of microtopography and permafrost type for predicting future larch tree growth 
in the region. 

In the southern boreal forests of Asia, Scots pine also displays similarly contrasted 
growth responses to warming. Although previous studies observed a negative effect 
of temperature on tree growth across most Scots-pine populations (e.g., Reich & 
Oleksyn, 2008), increased growth has been reported for the northern part of boreal 
Asian Scots-pine forests (Zhang et al., 201 9b). In this region, the recent rapid warming 
is advancing the growth onset sufficiently to overlap temporally with the snowmelt 
period; this overlap allows Scots pine to benefit from the warmer climate and have 
new access to an additional water resource. Hence, these Scots-pine forests may be 
in a unique position of withstanding or even benefiting, at least temporarily, from the 
current rise in temperatures. 

Birch (Betula pendula), Siberian fir (Abies sibirica), and Norway spruce (Picea 
abies) are important pioneer and accompanying species in southern Asian boreal 
forests. Warming-induced extensions of the growing season have heightened the 
growth of birch forests of western Siberia. In contrast, the same species has experi- 
enced a decline in the drier regions of the Trans-Baikal forest-steppe ecotone because 


Fig. 30.2 Annual growth rings from three Asian larch trees (51?36'N, 121°25’E), continuous 
permafrost region of northeastern China (inset picture) showing a marked growth increase in recent 
years (brackets) associated with warming. Photo credits Xianliang Zhang 
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of warming-induced water stress (Kharuk et al., 2014). Using a network of 34 tree- 
ring chronologies for Siberian larch (Larix sibirica) and Siberian pine (Pinus sibirica) 
in the Altai mountains of central Asia, Kang et al. (2021) suggested that tree radial 
growth in the region may decline with future projected climate change. Similarly, 
drought stress appears to drive a negative growth response for fir (Kharuk et al., 
2017) and Norway spruce (Kharuk et al., 2015) in other arid parts of the Asian 
boreal forest; this pattern contrasts with the trend of increased growth found in the 
colder northern regions (Schaphoff et al., 2016). The current decline in arid Asian 
boreal forest species is likely to turn the Eurasian carbon sink into a source by 2100 
(Kicklighter et al., 2014). 


30.2.5 Future Challenges 


The effective management of boreal forest ecosystems to minimize tree growth 
decline and mortality losses under rapidly warming global temperatures and 
increased biotic disturbances—including pests and pathogens—is a key challenge 
for the future. Our ability to develop effective management strategies is limited 
by a lack of formal understanding of the potentially strong interactive effects of 
climate change, insects, and disease (Allen et al., 2015; Anderegg et al., 2015). If 
we are to maintain the health, vigor, and ecosystem services provided by the boreal 
forest, we must improve our understanding of forest demographic responses to novel 
climate and disturbance regimes. Improving this understanding will require a combi- 
nation of large-scale studies of sufficient spatial and temporal scale to allow for a 
meaningful inference of the key drivers of forest demographics and improved forest 
models able to approximate the hypothesized complex interactions (Anderegg et al., 
2015). Traditional forestry models, including growth and yield models that have been 
parameterized using historical experimental data, may not be capable of representing 
such complex interactions or may not be applicable under novel non-analog future 
conditions. These model limitations lead to significant uncertainty and variability 
in forecasts of future boreal forest dynamics (Purves & Pacala, 2008). One poten- 
tially fruitful avenue for improving our understanding of boreal forest response to 
future climate and disturbance is to apply recent methodological advances in ecolog- 
ical forecasting (Dietze et al., 2018). These approaches allow large-scale historical 
and experimental data to be synthesized or fused with existing forest models to 
improve the model-based representation of complex forest responses to changing 
climate and disturbance regimes. Thus, predictions of future forest conditions are 
more informed and accurate. Development of these types of model frameworks and 
their application to new, broad-scale boreal forest data sets and experimental data 
on species-specific demographic parameters (reproduction, growth, seed production) 
will be key to sustainably managing boreal forest ecosystems well into the future. 
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30.3 Conclusions 


Climate change is not the only driver of human-related change in boreal ecosystems. 
Nearly two-thirds of boreal forests are under some form of management, e.g., timber 
harvesting, plantations, fire suppression, or insect control (Gauthier et al., 2015). 
Despite the negative impacts of historical management regimes on critical aspects 
of boreal ecosystems, e.g., species diversity and structure conservation, manage- 
ment is perhaps our best ally to help forests adapt to ongoing changes. Silvicultural 
interventions such as assisted migration could help implement better warm-adapted 
genotypes of indigenous tree species to maintain continuous closed-crown forest 
habitats under climate change. With nearly 600 million trees planted each year in 
Canada following harvesting, the infrastructure to grow and transport these trees is 
already in place. Yet, our current knowledge gap in terms of species' abilities to cope 
with ongoing changes and the feasibility of assisted migration are urgent matters 
that remain to be addressed with adequate resources. From a wildlife management 
perspective, various timber-harvesting strategies that reflect the variability of forest 
attributes resulting from natural disturbances (Gauthier et al., 2009) should be used 
to generate a range of landscapes and stand structures that reflect the variability of 
forest attributes resulting from natural disturbances and that are likely to be ecolog- 
ically sustainable for wildlife (Drapeau et al., 2016), especially for threatened and 
endangered species (e.g., Nadeau Fortin et al., 2016). Such an increase in forest 
structural complexity could also provide additional resilience against global change 
(Messier et al., 2013). 
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Abstract The increasing effects of climate and global change oblige ecosystem- 
based management to adapt forestry practices to deal with uncertainties. Here 
we provide an overview to identify the challenges facing the boreal forest under 
projected future change, including altered natural disturbance regimes, biodiversity 
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nous communities, social concerns, ecological restoration, and impacts on aquatic 
ecosystems. We conclude by providing recommendations for ensuring the successful 
long-term management of the boreal biome facing climate change. 


M. M. Girona (P3) - V. Danneyrolles - G. Grosbois - S. Kim - L. Moussaoui 

Groupe de Recherche en Écologie de la MRC-Abitibi, Forest Research Institute, Université du 
Québec en Abitibi-Témiscamingue, Amos Campus, 341, rue Principale Nord, Amos, QC J9T 
2L8, Canada 

e-mail: miguel.montoro @uqat.ca 


V. Danneyrolles 
e-mail: victor.danneyrolles @ uqat.ca 


G. Grosbois 
e-mail: guillaume.grosbois @uqat.ca 


S. Kim 
e-mail: sanghyun.kim Q uqat.ca 


L. Moussaoui 
e-mail: louiza.moussaoui Q uqat.ca 


© The Author(s) 2023 773 
M. M. Girona et al. (eds.), Boreal Forests in the Face of Climate Change, 

Advances in Global Change Research 74, 

https://doi.org/10.1007/978-3-03 1-15988-6_31 


774 M. M. Girona et al. 


M. M. Girona - J. Svensson - M. Wallgren 

Department of Wildlife, Fish, and Environmental Studies, Swedish University of Agricultural 
Sciences, 901 83 Umea, Sweden 

e-mail: johan.svensson @slu.se 


M. Wallgren 
e-mail: martha.wallgren@slu.se 


M. M. Girona - N. Aquilué - A.-C. Bélisle - V. Danneyrolles - S. Kim - M. Martin - C. Pappas 
Centre for Forest Research, Université du Québec à Montréal, P.O. Box 8888, Stn. Centre-Ville, 
Montréal, QC H3C 3P8, Canada 

e-mail: nuria.aquilue @ctfc.cat 


A.-C. Bélisle 
e-mail: annieclaude.belisle @uqat.ca 


M. Martin 
e-mail: maxence.martin @ugat.ca 


C. Pappas 
e-mail: cpappas Q upatras.gr 


T. Aakala 

School of Forest Sciences, University of Eastern Finland, P.O. Box 111, FI-80101 Joensuu, 
Finland 

e-mail: tuomas.aakala Q uef.fi 


A.-C. Bélisle - M. Martin 
Forest Research Institute, Université du Québec en Abitibi-Témiscamingue, 445 boul. de 
l'Université, Rouyn-Noranda, QC J9X 5E4, Canada 


E. Chaste 
Université de Lorraine, AgroParisTech, INRAE, SILVA, 14 Rue Girardet, 54000 Nancy, France 
e-mail: emelinechaste6 @ hotmail.com 


O. Díaz-Yáiiez 

Department of Environmental Systems Science, ETH Zürich, Forest Ecology, Universitätstrasse 
16, 8092 Zürich, Switzerland 

e-mail: olalla.diaz@usys.ethz.ch 


L. D'Orangeville - J. Wang 

Faculty of Forestry and Environmental Management, University of New Brunswick, 28 Dineen 
Drive, P.O. Box 4400, Fredericton, NB E3B 5A3, Canada 

e-mail: loic.dorangeville ? unb.ca 


J. Wang 
e-mail: jiejie.wang @unb.ca 


G. Grosbois 
Department of Aquatic Sciences and Assessment, Swedish University of Agricultural Sciences, 
P.O. Box 7050, 75007 Uppsala, Sweden 


31 Challenges for Sustainable Management 775 


31.1 How Did We Get Here? A Perspective on Boreal 
Forest Management 


Ecosystem degradation has intensified because of increased human pressure on 
natural systems worldwide (Foley et al., 2005; Rands et al., 2010). During the twen- 
tieth century, the world's population increased from 1.6 to 7.7 billion people (Lutz 
et al., 2004), resulting in a greater demand for natural resources to meet the needs 
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of this expanding population. Technological advances have increased our efficiency 
in exploiting ecosystems; humans now alter the environment faster and at a greater 
scale than ever before (Boserup, 1981; Puettmann et al., 2009). Nonetheless, societies 
depend on finite natural resources and ecosystem services (Perrow & Davy, 2002). 
The main activities causing ecosystem impacts are agriculture, industry, forestry, and 
urbanization, and this economic development has therefore led to the alteration of 
the original ecosystems across a large portion of the planet. This loss of an ecolog- 
ical-economic equilibrium has led to a need to further develop and apply the concept 
of sustainable development as a means of balancing resource exploitation, biological 
conservation, and social conditions for future generations (Quarrie, 1992; Rockstróm 
et al., 2009b; Steffen et al., 2015). 

Forests account for 3196 of the world's land area (FAO, 2016), and forest resources 
are vital to the development of human societies (FAO, 2014). At least 1896 of the 
world's population uses wood to build their homes, 2.4 billion people cook by burning 
woody materials, and 90 million people in Europe and the United States use wood as 
an energy source for domestic heating. The boreal forest is the second-largest terres- 
trial biome in the world (Teodoru et al., 2009), covering 14 million km”, distributed 
in a circumpolar forest belt (Burton et al., 2003), and representing about 25% of the 
world’s forest (Dunn et al., 2007). 

Currently, two-thirds of this biome is managed mainly for timber production 
(Gauthier et al., 2015b). Boreal forests are critical for the global wood supply, 
producing 37% of the world’s wood (Gauthier et al., 2015b). During the last century, 
forest management practices had timber production as their main goal. Logging 
activities to meet the demand for timber significantly affect this biome (Halme et al., 
2013; Kuuluvainen & Siitonen, 2013; Messier et al., 2013; Puettmann et al., 2009). 
From 1990 to 2000, Canada recorded the most intense period of logging operations 
in the world, with forests harvested at more than two hectares per minute (Perrow & 
Davy, 2002). 

The current global demand for wood is 1.5 billion m?, whereas it is expected 
to increase to between 2.3 and 3.5 billion m? by 2050 (Smeets & Faaij, 2007). 
Thus, logging and related activities will likely have an ever-greater impact on the 
boreal forest in the near future, continuing the twentieth-century trend of expanded 
exploitation (Park & Wilson, 2007). For example, in Québec (Canada), the total 
volume of wood harvested over the past century increased steadily until 2005. 
In 1924, it was 13.9 million m?, rising to 21.9 million m? in 2011. It should 
be noted that between 1997 and 2005, the volume harvested was more than 40 
million m?, reaching its peak in 2005 at 45.64 million m? (Duchesne & Ouimet, 
2007; National Research Council, 2016). In the intensively managed boreal forests 
of Finland and Sweden, annual growth and harvesting have been increasing in 
the past 100 years. In the recent past (averaged over 2013-2017), an average of 
68.3 and 82.8 million m? were harvested, corresponding to 7596 and 7896 of the 
annual growth in these two countries (Korhonen et al., 2021; SLU, 2020). In Sweden, 
20 of 28 million ha of forest is accessible for intensive forestry; therefore, these 
forested areas are currently on a transformation trajectory away from natural and 
resilient ecosystem conditions having multiple value chains (Angelstam et al., 2020). 
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The reduction, modification, and loss of forests are not recent phenomena; these 
human-related alterations to forest ecosystems trace the evolution and migration of 
human populations. Human activity is one of the key processes in the history of 
forest land transformation (Williams, 2003). The net loss in the global forest area 
between 2000 and 2010 was 5.2 million ha/yr (roughly the size of Costa Rica). This 
loss was 8.3 million ha/yr between 1990 and 2000 (FAO, 2011). However, the State 
of Canada's Forests report (Natural Resources Canada, 2020) maintains that changes 
in forest area caused by deforestation are not significant in Canada, as it would take 
40 years for Canada to lose 1% of its forest area under the most pessimistic forest 
harvesting scenario (Guindon et al., 2018). In Fennoscandian forests, deforestation 
due to forestry is prevented by legislation, i.e., clear-cut harvesting must be followed 
by forest regeneration; the main sustainability issues are related more to loss of 
biodiversity, ecosystem services, multiple value chains, and Indigenous and local 
cultures and less to sustained yield or deforestation. 

Regardless of the region, climate change intensifies threats to forest health (Trum- 
bore et al., 2015). The intensity and frequency of forest fires have increased in 
both Canada and the United States, exacerbated by prolonged drought episodes 
(attributed to climate change) and fire-suppression policies that have increased the 
amount of available fuel loads (FAO, 2009). From the projected cumulative impacts 
of fire, drought, and insects on timber volumes across North American boreal 
forest, the current level of harvesting could thus be difficult to maintain without 
implementing of adaptative measures (Boucher et al., 2018). In the Fennoscandian 
forests, the past decade has seen several years of exceptional forest fires, storms, and 
insect outbreaks, particularly in Sweden (Hlásny et al., 2021; Krikken et al., 2021; 
Valinger & Fridman, 201 1). These events raise questions in regard to the vulnerability 
of a ubiquitous simplified forest management system—and also from a sustainable 
timber yield viewpoint—and advocate for the application of more diverse, ecosystem- 
and disturbance-based management perspectives (Berglund & Kuuluvainen, 2021). 
Droughts, insect outbreaks, and windstorms are particularly problematic for Norway 
spruce, which is favored as a commercial tree species in both countries, partly due to 
the extremely high ungulate browsing pressure on deciduous trees and pines in some 
parts of the region. The uncertainty associated with disturbances and their potential 
trajectories in future climates requires a profound reflection on the challenges faced 
by the boreal biome to achieve sustainable forest management in terms of wood 
material supply, biodiversity conservation, maintenance, and enhancement of forest 
carbon sinks, and the cultural values of forests. 

Forestry activities in the recent decades have contributed to a decline in habitat 
diversity and productivity of forest ecosystems around the world, a phenomenon 
accelerated by climate change (Fischer & Lindenmayer, 2007; Lindenmayer & 
Fischer, 2007; Schütz, 1997). With increased social concerns about protecting biodi- 
versity (Franklin et al., 2002), boreal forestry has begun to address goods and services 
other than timber production (Dobson et al., 1997; Gauthier et al., 2009; Halme 
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et al., 2013; Kuuluvainen, 2002; Puettmann et al., 2009). The preservation of biodi- 
versity and the modification of forestry practices to reduce their impact on ecosys- 
tems have emerged as two key issues in forest management (FAO, 2009; Linden- 
mayer & Franklin, 2002; Myers et al., 2000). These concerns confront traditional 
forest management, which focuses on a deterministic planning of harvesting and 
exploitation without considering changes, natural disturbances, social issues, uncer- 
tainty, and nonlinearity. Forest ecosystem-based management (FEM), in contrast, 
aims to bridge the gap between natural and managed forests to maintain the ecological 
integrity and biodiversity of ecosystems. FEM was specifically defined as 


a management approach that aims to maintain healthy and resilient ecosystems by reducing 
the gaps between natural and managed landscapes to ensure, in the long term, the maintenance 
of multiple ecosystem functions and, consequently, to maintain the social and economic 
benefits derived from them (Gauthier et al., 2009). 


This approach stems from the reflections on sustainable forest development, which 
emerged from the 1992 Earth Summit in Rio de Janeiro, and FEM has become 
increasingly applied within the boreal biome, especially in North America (Burton 
et al., 2003; Mitchell & Beese, 2002). FEM applies an ecosystem model to reconcile 
timber harvesting with the long-term maintenance of the structure, functioning, and 
ecological processes responsible for maintaining ecosystem services. This approach 
manages the forest through a holistic view (Kimmins, 1997) to ensure its integrity, 
biodiversity, and sustainability (Gauthier et al., 2009). However, the question arises: 
Is FEM a useful framework to deal with climate change and the associated impacts? 

Our new definition considers FEM as 


an adaptative management approach that aims to promote healthy and resilient forests under 
climate change to ensure the long-term maintenance of ecosystem functions and thereby 
retain the social and economic benefits they provide to society. 


Thus, FEM is a promising solution for achieving sustainable forest management 
within a context of climate change, an approach able to include responses and solu- 
tions for all the challenges facing the boreal biome (Grenon et al., 2010). In this 
critical moment, scientific cooperation is essential to adapt forest management prac- 
tices for the future. FEM within the boreal forest provides one of the last remaining 
global opportunities to proactively plan forest management for sustainable ecosystem 
and economic development. In this final chapter, we present the most important chal- 
lenges facing the future boreal forest (Fig. 31.1). Our goal is to provide helpful recom- 
mendations and tools to reduce uncertainty and to justify how FEM can address future 
challenges within the second-largest terrestrial ecosystem in the world, the boreal 
biome. 
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Fig. 31.1 The challenges facing boreal forests under global climate change 


31.2 The Challenges of Sustainable Management in Boreal 
Forests Facing Climate Change 


The need to adapt FEM to the future and develop measures to achieve sustainable 
forest management in the face of climate change led to a discussion among 147 
researchers in forest sciences to build this book and produce a list outlining the 
challenges facing the boreal biome in terms of natural disturbances, silvicultural 
practices, biodiversity, landscape ecology, economy, and society (Fig. 31.1). In this 
section, we outline and assess the current state as a starting point to establish future 
research directions and applications. 


31.2.1 Natural Disturbance Regime Change 


Boreal forests are affected by various natural disturbances, including wildfires, 
weather-related disturbances (heat, drought, snow, and wind), insect outbreaks, and 
disease (Gauthier et al., 2015b; Price et al., 2013). These disturbances operate over 
a wide range of spatial and temporal scales and are among the core factors driving 
landscape dynamics and the structure, composition, and biodiversity in these forests 
(Berglund & Kuuluvainen, 2021; Price et al., 2013; Shorohova et al., 2011). Climate 
change can impact these forests by modifying the timing, extent, and severity of 
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the natural disturbance regimes (Navarro et al., 20182; Seidl et al., 2017). Thus, the 
most serious challenge will be to adapt FEM to this new reality. Here we describe 
and discuss the main observed and expected climate-driven changes in natural 
disturbance regimes. 


31.2.1.1 Wildfires 


Wildfires constitute a major natural disturbance in boreal forests, a natural process 
required to maintain the biodiversity and dynamics associated with these forests. 
Throughout the circumboreal biome, between 9 and 20 million ha of forest burn 
annually (Robinne et al., 2018) with considerable spatial and temporal variability 
(De Groot et al., 2013a; Gauthier et al., 2015a; Ryan, 2002). The North American 
boreal forest, for example, is characterized by relatively infrequent, high-intensity, 
stand-replacing crown fires that often completely burn extensive patches of forest. In 
contrast, the Eurasian boreal region experiences repeated low- to moderate-intensity 
surface fires characterized by low tree mortality (De Groot et al., 2013a; Robinne 
et al., 2018; Rogers et al., 2015). Human-caused fires occur mostly in areas where 
they are likely to be detected; this permits a rapid response from fire-suppression 
agencies, to often limit fire spread. Although humans cause a large proportion of 
fires in the boreal forest, lightning-caused fires account for most of the area burned 
in a given season (Robinne et al., 2018; Stocks et al., 2003). 

Natural fire ignition and propagation depend on a combination of factors related 
to, on one hand, climate and weather (Eden et al., 2020; Seidl et al., 2017) and, 
on the other hand, fuel type and availability (De Groot et al., 2013a; Rogers et al., 
2015). Consequently, ongoing climate change is expected to markedly alter future 
fire regimes. Fire weather could become more severe in the coming years (De Groot 
et al., 2013b; Flannigan et al., 2016), leading to drier fuels and favoring easier fire 
ignition and propagation (Flannigan et al., 2016). Despite uncertainties related to 
differences in climate change scenarios, fire weather is expected to be more severe 
in western Canada than in central Russia (De Groot et al., 2013b). Nevertheless, 
Russia is also expected to experience a marked increase in fire activity (De Groot 
et al., 2013b) and possibly a substantial increase in stand-replacing fires (Gauthier 
et al., 2015b). Although the fuel consumption rate will be higher in boreal stands 
in Canada, total carbon emissions could be higher from Russian boreal fires owing 
to a larger annually burned area (De Groot et al., 2013b). Longer and more active 
fire seasons will significantly affect boreal forests. Forest composition would shift 
toward an increased proportion of fire-tolerant and fire-resistant species (De Groot 
et al., 2013b). The amount of old-growth forest, associated with high biodiversity, 
would be greatly reduced to give way to landscapes dominated by young forests 
(Kuuluvainen & Gauthier, 2018). This phenomenon—resulting in fewer mature trees 
across the landscape because of the repeated occurrence of fires—increases the risks 
of regeneration failure, thereby leading to a gradual opening of forests (Jasinski & 
Payette, 2005; Kuuluvainen & Gauthier, 2018). For example, Splawinski et al. (2019) 
projected a progressive increase in the area affected by natural regeneration failure 
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under climate change for northern Québec, culminating with a 65.896 loss under the 
worst-case scenario. 

The global carbon cycle would also be affected as larger, more frequent, and more 
severe wildfires release higher levels of carbon into the atmosphere. Boreal forests 
therefore risk shifting from being carbon sinks to carbon sources (Walker et al., 
2019), thereby amplifying this positive climate feedback. 


31.2.12 Weather- and Climate-Related Disturbances: Heat, Drought, 
Wind, Floods, and Snow 


Boreal forests are expected to experience large increases in temperature over the 
twenty-first century, accompanied by modest increases in precipitation in some 
regions (IPCC, 2014). These changes will lead to higher frequencies and intensities 
of extreme heat and drought events (Price et al., 2013). Heat- and drought-induced 
tree mortality has already increased over the last two decades (Allen et al., 2010). 
This phenomenon will likely be further exacerbated in the twenty-first century in 
the boreal biome (Gauthier et al., 2015b; Liu et al., 2013). Forest sensitivity to 
heat and drought events depends on such factors as the intensity and frequency of 
these events and the tolerance of tree species to heat/drought. Drought-intolerant 
aspen-dominated forests in western Canada, for example, have experienced very 
severe drought-induced diebacks at levels similar to postfire mortality (Michaelian 
et al., 2011). Overall, the driest regions of the boreal biome have been shown to be 
more sensitive to weather-induced diebacks (Gauthier et al., 2015b). Western Cana- 
dian boreal forests associated with a drier climate are already experiencing increased 
mortality rates (Boucher et al., 2018; Peng et al., 2011), whereas, at least for now, the 
moister forests of eastern Canada have been less affected (D’ Orangeville et al., 2018). 

Wind and snow, common disturbances in boreal forests, cause the uprooting and 
breakage of trees (Lavoie et al., 2019; Mitchell, 2013; Montoro Girona et al., 2019; 
Saad et al., 2017; Valinger & Fridman, 2011). These damages can rapidly alter 
forest structure, species composition, and the spatial and temporal availability of 
resources, in turn disrupting forest management and planning. Boreal forests have 
been recurrently affected by severe storms in the past, such as the Gudrun storm 
in 2005 in northern Europe and the Great Ice Storm of 1998 in eastern Canada. 
It remains unclear how storm regimes will be affected by climate change (Feser 
et al., 2015; Mólter et al., 2016); however, it is expected that increasing temperatures 
will favor an increased frequency and intensity of winds and greater snow loads 
(Gregow et al., 2011). Warmer winters will lead to shorter periods with frozen soil 
and greater loads of heavy humid snow; this combination heightens the likelihood 
of trees being uprooted and suffering stem breakage (Nykänen et al., 1997; Peltola 
et al., 1999). Furthermore, expected changes in tropical cyclone regimes could also 
increase windthrow impacts on boreal forests, as observed during the Sandy and 
Ophelia storm events reaching, respectively, Canadian forests in 2012 and Norwegian 
forests in 2017. Riparian forests may also be affected by an increase in flooding 
as unprecedented low and high spring discharge in recent decades—relative to the 
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historical natural variability of the last 250 years—also suggests that the increase in 
flood frequency and magnitude originates from climate change (Nolin et al., 2021). 


31.2.1.3 Insect Outbreaks and Diseases 


Biotic agents, such as native or non-native insects and pathogens, constitute major 
disturbances in boreal forests. The most damaging insects for boreal tree species are 
defoliators, which eat leaves or needles, and bark beetles, which feed on phloem and 
cambium (MacLean, 2016). On the other hand, pathogens cause significant damage to 
all tree parts, i.e., foliage, stem, and roots, leading to reduced photosynthetic activity 
and water/nutrient uptake and producing structural problems (Malmstróm & Raffa, 
2000; Natural Resources Canada, 2020). Climate and weather conditions affect the 
distributions and ecological dynamics of insects and pathogens and those of their 
hosts (Dukes et al., 2009; Malmstróm & Raffa, 2000). Although the life cycle of 
insects and pathogens responds mainly to temperature, pathogens are also sensitive 
to precipitation and humidity (Price et al., 2013). Pathogen-induced diseases reduce 
growth and productivity (Price et al., 2013) and cause widespread forest decline 
and mortality when co-occurring with other disturbance agents (Dukes et al., 2009). 
Insect outbreaks markedly impact forest productivity and dynamics by affecting tree 
growth, seed production, tree regeneration, and successional processes. Outbreaks are 
cyclic and often synchronous over large geographic areas; this leads to a region-wide 
mortality of host trees in a relatively short period. Spruce budworm (Choristoneura 
fumiferana)is the main defoliator of spruce and fir forests in North America, affecting 
extensive areas and causing important losses of timber supplies (Montoro Girona 
et al., 2018b; Régniére et al., 2012). In Eurasia, there are no comparable records of 
large-scale outbreaks of defoliators as that of the spruce budworm in North America. 
Although insect outbreaks generally have less severe punctual impacts on forest 
productivity and dynamics than fires, they often affect larger areas. For example, the 
Canadian Forest Service calculated that insects affected 15.6 million ha of Canadian 
forest in 2017, whereas 3.4 million ha of forests burned that same year (Natural 
Resources Canada, 2020). 

Defoliating insect outbreaks have shown an increase in severity, extent, and dura- 
tion over the recent decades, and their frequency and severity are expected to increase 
further (Navarro et al., 2018c; Zhang et al., 2014). Climate change will likely modify 
the geographic distribution of host trees within boreal forests and may alter both the 
range and outbreak potential of their associated insects and pathogens (Malmstróm & 
Raffa, 2000). Models project that future warmer winters and longer growing seasons 
will favor the northward expansion of the northern range limits of many insect pests 
(Dukes et al., 2009; Pureswaran et al., 2015; Régnière et al., 2012). Spruce budworm 
in eastern Canadian boreal forests experienced such a northward shift during the 
twentieth century (Navarro et al., 2018c). Similarly, an expansion in climatically 
suitable habitats at the beginning of the twenty-first century for the mountain pine 
beetle has facilitated the northward and higher-elevation expansion of outbreaks in 
western Canadian boreal forests (Kurz et al., 2008). Projections of climate change 
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impacts on pathogen populations remain uncertain, as pathogen outbreaks are less 
predictable than insect outbreaks given the links of the former to precipitation levels 
(Dukes et al., 2009; Pautasso et al., 2015; Price et al., 2013). Researchers do agree, 
however, that pathogen activity in circumboreal forests will likely increase (Price 
et al., 2013). 


31.2.1.4 Interactions Between Natural Disturbances 


Interactions between natural disturbances are common across the boreal biome. The 
most frequently reported interaction is the increased flammability of forests induced 
by drought events, which enhances the frequency and severity of fires (Flannigan 
et al., 2016). Interactions between biotic, i.e., insect outbreaks and pathogens, and 
abiotic disturbances are also very frequent and are critical to the dynamics of biotic 
disturbance agents (Canelles et al., 2021; Nolin et al., 2021; Seidl et al., 2017). For 
example, the large number of dead trees resulting from drought, fire, or windfall can 
trigger a strong increase in insect populations and amplify the spread and intensity 
of outbreaks (Marini et al., 2013; Price et al., 2013). On the other hand, stands 
affected by insect outbreaks significantly increase the amount of flammable fuel 
and, therefore, a fire’s potential spread and severity (James et al., 2017; Perrakis 
et al., 2014). Most interactions between disturbances tend to amplify the mutual 
effects of disturbance agents (Seidl et al., 2017). Outbreak severity may vary with 
forest composition at the landscape level (Lavoie et al., 2021). The long fire cycle may 
favor increasing outbreak severity stemming from the abundance of late-successional 
host trees (Bergeron & Leduc, 1998; Navarro et al., 2018c). On the contrary, a short 
fire cycle may increase the abundance of broadleaf stands and favor a better control 
by natural enemies (Cappuccino et al., 1998). Shifts between short and long fire 
cycles explain the dynamics of defoliators through the Holocene (see Chap. 2). 
The observations are of critical concern, as climate-induced increases in natural 
disturbances may be further intensified by such interactions, heightening the risk of 
exceeding ecological thresholds and tipping points. 


31.2.2 Biodiversity Loss 


Boreal forest landscapes have transformed rapidly over the last decades (Mori et al., 
2021). In Fennoscandia, extensive changes have occurred since the 1950s when 
forestry methods became more mechanized and efficient, and clear-cutting was intro- 
duced, i.e., even-aged management (Esseen et al., 1997). Moreover, forestry and fire 
suppression have led to the disappearance of natural disturbances, replaced instead 
by anthropogenic disturbances, including thinning, clear-cutting, soil scarification, 
and the planting of conifers mostly in monospecific regimes (Esseen et al., 1997; 
Wallenius, 2011). Unlike forests structured by natural dynamics, managed forests 
often consist of even-aged monocultures that lack structural complexity, including 
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an absence of coarse woody debris, snags, and old trees (Bengtsson et al., 2000; 
Lófman & Kouki, 2001). In North American boreal forest regions, forest composi- 
tion and age structure are predicted to change over the twenty-first century because 
of climate change and increased anthropogenic pressure (Boulanger et al., 2016). 
These changes in forest composition and structures will have/have had serious conse- 
quences for the many species that rely on deciduous trees, deadwood, large-diameter 
trees, and complex horizontal and vertical structures of tree vegetation (Kuuluvainen, 
2009; Ram et al., 2017; Regos et al., 2018; Virkkala, 2016). 

In general, the structural complexity of habitats is strongly correlated with species 
richness for most taxonomic groups (Honnay et al., 2003; Lassau et al., 2005). In 
Fennoscandia, forest conditions remain determined by the transformation to even- 
aged, single-species conifer forests. This simplistic forest management has had severe 
consequences for forest biodiversity. In Finland, for example, the forest is the primary 
habitat for 3196 of threatened species. For almost five-sixths of these threatened 
species, the primary driver of the population decrease is a change in forest habitat 
(Hyvärinen et al., 2019). This biodiversity loss continues to increase (Fig. 31.2). 
In Sweden, more than 50% of red-listed species are connected to forest habitats, 
4396 are dependent on forests, and 1,400 species are directly threatened by forest 
clear-cutting (Artdatabanken, 2020). In North American boreal forests, for a variety 
of species, it is predicted that populations will decrease, and their ranges, in terms 
of size and distribution, will shift through the loss of climate suitability and greater 
anthropogenic influence, i.e., habitat degradation and fragmentation (Cadieux et al., 
2020; Woo-Durand et al., 2020). 

Biodiversity plays a vital role in the functioning of forest ecosystems and is closely 
related to the health status of an ecosystem. Highly diverse systems are expected to be 
less prone to perturbations such as pest outbreaks. A healthier ecosystem provides 
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Fig. 31.2 The number of threatened species (bars) in Finland by phylum over time in forests 
(red) and other habitats (blue). Data obtained from the Natural Resources Institute Finland (2021) 
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higher-quality ecosystem services, and robust forest health correlates with forest 
productivity, thereby maximizing resource exploration in well-maintained forests 
(Bohn & Huth, 2017; Zhang et al., 2012). Ecosystems that deteriorate to an unsus- 
tainable level result in problems that are often very expensive, economically speaking, 
to reverse. Hence, the integration of biodiversity management as a target into current 
forestry practices becomes a priority. Over the last decades, forestry has drastically 
decreased legacies crucial for biodiversity. The challenge lies in bringing these critical 
components back into the boreal forest ecosystem without jeopardizing commercial 
forestry practices. Forests harbor multiple species, each with its own environmental 
and ecological requirements. This is particularly true for habitat specialists, which 
commonly require a precise range of environmental conditions or a specific diet. 
Forest structures and environmental conditions, e.g., moisture and light conditions, 
are important factors severely affected by forestry but are, nonetheless, critical for 
the occurrence of species from different taxonomic groups. The main challenge is to 
improve the overall habitat and landscape conditions that favor greater biodiversity. 
For example, deadwood quantity and quality, e.g., of varying decay stages, including 
standing and fallen trees, recently dead or decomposing stems, influence the occur- 
rence of a variety of beetle species, polypores, and bird species. In Fennoscandia, 
managed forests harbor on average only 4 to 5 m? of deadwood per hectare, whereas in 
natural forests, deadwood can exceed 100 m? per hectare. Additionally, vertical struc- 
tures, e.g., understory and uneven-aged forests, are important for food availability, 
nesting opportunities, and hiding spots for many boreal forest birds (Brokaw & Lent, 
1999; Culbert et al., 2013; Eggers & Low, 2014). 

The landscape structure plays an important role, as lichen and polypores are 
sensitive to habitat fragmentation and the lack of old-growth forests; therefore, large 
conservation areas benefit these species (Junninen & Komonen, 2011). For managed 
boreal forest landscapes to play a vital role in conserving biodiversity, these must 
include a mixture of habitats of varied successional stages, e.g., containing both early- 
and late-successional forest stages. Clear-cutting has long been held as an appropriate 
method for emulating natural disturbances (Mielikäinen & Hynynen, 2003). In natu- 
rally dynamic boreal forest systems, disturbances such as fire, insect outbreaks, and 
windfall contribute to high structural complexity; however, the ecological effects 
of clear-cutting differ from those of wildfire (Heikkala et al., 2016). Furthermore, 
forest dynamics in the boreal forest are also driven by various other natural, small- 
scale disturbance agents, like wind, pathogens, and insects, that have maintained a 
semicontinuous forest cover containing small gaps. The main challenge for forestry 
lies in reintroducing natural dynamics and restoring the natural systems while also 
minimizing any damage to forest production. 


31.2.3 Loss of Old-Growth Forests 


Old-growth forests are generally defined as stands at the end of forest succession, 
where post-disturbance cohorts are beginning to be replaced by new trees, human 
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impacts are negligible, and low-severity disturbances are the primary drivers (Knee- 
shaw & Gauthier, 2003; Wirth et al., 2009). Specific structural attributes often distin- 
guish these forests from younger stands, including a higher deadwood volume or a 
more complex structure (Kulha et al., 2019; Martin et al., 2018; Paillet et al., 2015; 
Wirth et al., 2009). Even within a given landscape, the concept of old-growth forest 
actually refers to a wide diversity of structures and composition that vary over time, 
depending on environmental conditions and the local disturbance history (Kulha 
etal., 2020; Martin etal., 2020a, d; Meigs et al., 2017; Portier et al., 2018). Old-growth 
forests hence typically consist of complex mosaics of uneven-aged stands. The long 
continuity of the forested state in these ecosystems is also vital for many disturbance- 
sensitive and low-dispersal species. For these reasons, old-growth forests provide 
a wide range of habitats, increase biodiversity, and provide numerous ecosystem 
services, such as carbon sequestration, water filtration, and cultural and aesthetic 
values (see Chap. 7; Keeton, 2018; Warren et al., 2018; Watson et al., 2018). Hence, 
old-growth forests are key elements of natural landscapes (Fig. 31.3). However, the 
climatic and fertility constraints in boreal landscapes may inhibit the development of 
old-growth attributes common to other biomes, such as very large trees or a complex 
vertical structure (Bergeron & Harper, 2009; Martin et al., 2020b, 2021b). 

The decreased area, diversity, connectivity, and functionality of boreal old-growth 
forests in managed landscapes represent major issues facing the boreal biome. 
Because of their remoteness and low productivity, boreal forests have long remained 
undisturbed by logging activities, particularly in the northern and eastern parts of 
Eurasia and in northern North America (Potapov et al., 2017; Venier et al., 2018; 
Wells et al., 2020). The development of industrial-scale forest management has 
nevertheless led to increased exploitation of these territories, especially since the 
mid-twentieth century (Boucher et al., 2017; Dupuis et al., 2020; Ostlund et al., 
1997). Logging activities have therefore led to a loss of old-growth forest coverage 
(Cyr et al., 2009; Grondin et al., 2018; Ostlund et al., 1997), changes in tree-species 
composition (Boucher & Grondin, 2012; Boucher et al., 2015; Kuuluvainen et al., 
2017), landscape homogenization and fragmentation (Haeussler & Kneeshaw, 2003; 
Löfman & Kouki, 2001; Schmiegelow & Mönkkönen, 2002), and decreased dead- 
wood availability (Jonsson & Siitonen, 2012; Moussaoui et al., 2016). In certain 
regions, such as Fennoscandia, old-growth forests have almost completely disap- 
peared and now represent a minimal part of the total forest cover (Forest Europe, 
2015; Kuuluvainen et al., 2017; O'Brien et al., 2021; Potapov et al., 2017). Conse- 
quently, many species that depend on old-growth forests or associated elements, such 
as deadwood, are now threatened in the European boreal forests (Esseen et al., 1992; 
Jonsson & Siitonen, 2012; Tikkanen et al., 2006). In Canada and Russia, old-growth 
forests remain relatively abundant, but their areas are rapidly decreasing, and this 
is already causing major biodiversity issues (Aksenov et al., 1999; Bergeron et al., 
2017; Cyr et al., 2009). For example, the level of fragmentation and degradation of 
old-growth forests in Canada has caused a collapse of woodland caribou (Rangifer 
tarandus caribou) populations (Venier et al., 2014). In Russia, saproxylic species 
are now facing a similar threat as they have experienced in Europe because of the 
development of forestry (Wallenius et al., 2010). Moreover, concerns have recently 
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Fig. 31.3 Old-growth boreal forests in eastern Canada are dominated by black spruce (Picea 
mariana (Mill.) BSP) and, to a lesser extent, balsam fir (Abies balsamea (L.) Mill.). These forests 
are defined by a strong heterogeneity of structures and microhabitats, shaped by specific natural 
disturbance histories and abiotic characteristics. The low diversity of tree species and their limited 
size may nevertheless make these stands appear—erroneously—as homogeneous. The difficulty in 
correctly identifying their heterogeneity may eventually lead to the disappearance of old-growth 
forests defined by distinctive functions and habitats not found elsewhere. Photo credits 1-9 Maxence 
Martin, 10 Frédéric L. Tremblay 


been raised about the characteristics of remnant old-growth forests in managed land- 
scapes; these remnants are often defined by lower productivity or different struc- 
tures than those observed in natural landscapes (Martin et al., 2020c, 2021a; Price 
et al., 2020). This implies that some habitats or ecosystem services specific to old- 
growth forests with higher economic value may be particularly at risk. A conservation 
approach focusing only on the area of old-growth forest to be conserved, without 
considering its quality, becomes insufficient. The challenges related to the protec- 
tion of boreal old-growth forests therefore concern not only their size but also their 
diversity, connectivity, and functionality. 

The expected effects of climate change on old-growth forests remain hard to 
project, as they can often be contradictory (Fig. 31.4). Late-successional boreal 
species may benefit or suffer under these future conditions (D'Orangeville et al., 
2016, 2018; Thom et al., 2019). The warmer temperatures and longer growing 
season may enable a northward range expansion for southern boreal or hemibo- 
real species, such as European beech (Fagus sylvatica L.) or sugar maple (Acer 
saccharum Marsh) (Bouchard et al., 2019; D'Orangeville et al., 2018; Kramer et al., 
2010). The replacement of shade-tolerant boreal species with new late-successional 
species, however, depends on the migration capacity of the latter, which remains 
uncertain (Bouchard et al., 2019). If the late-successional species cannot be replaced, 
developing old-growth forests dominated by pioneer species could be possible. 
Accordingly, Cumming et al. (2000) have observed forests dominated by trembling 
aspen (Populus tremuloides Michx.), driven by low- and moderate-severity secondary 
disturbances. Currently, this type of forest remains rare (Bergeron & Harper, 2009). 

Climate change is also expected to increase the frequency and severity of natural 
disturbances in the coming decades (Bergeron et al., 2017; Kuuluvainen & Gauthier, 
2018). This change in disturbance regime may potentially reduce remnant old-growth 
areas or increase the abundance of forests degraded by recurrent secondary distur- 
bances, thereby eventually overwhelming stand resistance (Bergeron et al., 2017; 
Martin et al., 2019). Nevertheless, Bergeron et al. (2017) highlighted that in boreal 
landscapes, industrial-scale forest management based on short-rotation clear-cuts, 
i.e., rotation periods well below those of regional fire cycles, will remain the prin- 
cipal agent of the loss of old-growth forest, more than the projected increase in 
fire frequency and other changes in disturbance regimes (Fig. 31.4). Therefore, 
forest management will certainly have a much greater, immediate, and predictable 
impact than climate change on boreal old-growth forests. Although we require a 
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Fig. 31.4 Conceptual and simplified flowchart of possible changes in the characteristics of boreal 
old-growth (OG) forests in the context of future climate change, including processes (italics), 
old-growth forest characteristics (bold), and possible management solutions (rounded boxes) 


better understanding of how climate change affects old-growth forests, the more 
immediate and pressing need is the proposal of management strategies that effi- 
caciously protect these ecosystems. Combining forest monitoring networks (e.g., 
SmartForests Canada; Pappas et al., 2022) and mechanistic modeling (e.g., Fatichi 
et al., 2019) could enhance our process understanding and facilitate the development 
of sustainable forest management under environmental change. 


31.2.4 Biotic Stress Factors as Underlying Drivers 
of Ecological Change 


The ecosystem-based management of boreal forests emphasizes emulating natural 
disturbances to maintain the ecological composition, structure, functioning, and 
services provided by the boreal forest relative to historical baselines (Berglund & 
Kuuluvainen, 2021; Jackson et al., 2001; Kuuluvainen & Grenfell, 2012). Taking 
climate change into consideration when developing and implementing ecosystem- 
based management strategies involves integrating the effects of biotic stress factors 
that may slowly build up or involve sudden, and likely cumulative, extreme events. 
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Similar to abiotic stress factors, biotic ones can act as underlying drivers of ecolog- 
ical change. In some situations, biotic stress factors can even override the effects of 
natural disturbances (Nuttle et al., 2013) or counteract the effects of climate change 
on forest ecosystems (Seidl et al., 2017; Speed et al., 2010; Vuorinen et al., 2020a). 
We can expect a spatiotemporal lag in trophic interactions under climate warming, 
as animals and pathogens from temperate forests move into the boreal forest at faster 
rates than most plants. The vulnerability of trees to combinations of the bottom-up 
effects of abiotic stresses and top-down effects of biotic effects is, however, difficult 
to predict, as such effects on plants can be positive, negative, or interactive (Canelles 
et al., 2021; Teshome et al., 2020; Vuorinen et al., 2020a, b). 

Ecological change in the boreal biome occurs because of an increased intensity of 
biotic stressors, shifts in the climatic niches of temperate species toward the boreal 
zone, and invasive species. For example, increased moose (Alces alces) abundance 
can alter the composition, structure, and functioning of balsam fir forests in North 
America (McLaren & Peterson, 1994; Pastor et al., 1998) and mixed Scots pine and 
Norway spruce forests in Fennoscandia (Lorentzen et al., 2018), pushing succes- 
sion along alternative pathways (De Vriendt et al., 2021) and ecological regimes 
(Gosse et al., 2011; Smith et al., 2010). In Poland, moose altered their behavior 
in response to higher temperatures by more frequent use of dense forests, which 
provide greater thermal shelter than open stands (Borowik et al., 2020). Moose popu- 
lations are also appearing to shift to higher latitudes and altitudes in North America 
and China in response to warmer late-spring temperatures (Dou et al., 2013; Tape 
et al., 2016). In Canada, the distribution range of white-tailed deer (Odocoileus 
virginianus) has expanded northward since the mid-twentieth century, and climate 
data better explain this range shift than land-use metrics (Dawe & Boutin, 2016). 
Selective browsing by an introduced population of white-tailed deer north of this 
species' historical range and in an area lacking predators has led to the conversion 
of balsam fir forest to spruce-dominated forest and parkland (Barrette et al., 2014, 
2017). Climate warming will likely reduce forage limitations for ungulates in the 
boreal zone. Although a corresponding increase in predation pressure may coun- 
teract the population growth of these herbivores, full compensation is unlikely, as it 
would require apex predator populations to attain levels above historical numbers, an 
improbable scenario (Pasanen-Mortensen et al., 2017). Climate change, combined 
with globalization in the transportation of people and goods, has increased global 
incidents of invasions by alien species. These introductions now constitute one of the 
major threats to global biodiversity and planetary ecosystems (Bellard et al., 2013; 
Vitousek et al., 1996). Seidl et al. (2017) predicted that boreal forests will experi- 
ence the most pronounced future changes in disturbances of all forest types. In boreal 
forests, exotic species of defoliator insects, earthworms, slugs, and pathogens, known 
drivers of major ecological change in forest dynamics, are increasingly observed 
(Sanderson et al., 2012). 
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31.2.5 Future Boreal Tree Growth at Risk 


Wood formation is highly sensitive to temperature, and dendroecologists routinely 
use the growth rings of trees to reconstruct climate prior to the instrumental period 
(Fritts, 2001). Nonetheless, predicting the future productivity of boreal forest stands 
under projected increases in temperature and aridity remains extremely challenging. 
Changes in forest productivity will likely vary because of differences in stand 
composition and structure, site characteristics, variations in disturbance regimes, 
and regional and local climate anomalies. 

Currently, forest productivity appears stimulated with warming in many cold- 
limited boreal regions of eastern Canada, Finland, Russia, and Asia (D'Orangeville 
et al., 2016, 2018; Kauppi et al., 2014; Lapenis et al., 2005; Loehle & Solarik, 2019; 
Myneni et al., 1997; Zhang et al., 2019a, b) despite important variations in climate 
sensitivity according to species, competition or stand development (Marchand et al., 
2019); however, indicators of reduced growth have been observed in warmer or drier 
boreal regions (Barber et al., 2000; Beck et al., 2011). Potential growth increases may 
not necessarily translate into carbon storage gains. Indeed, a higher forest carbon 
pool hinges on higher mean tree longevity (Kórner, 2017); however, higher growth 
rates have been observed in all forest ecosystems, including boreal forests, to reduce 
the longevity of trees as trees complete their natural life-span faster, e.g., higher 
susceptibility to windthrow with increasing size, or get harvested earlier (Brienen 
et al., 2020; Kórner, 2017). 

In addition to site factors, species-specific characteristics in terms of climate toler- 
ance, adaptation, and migration capacity can also confound tree growth projections. 
In eastern Canada, drought-adapted species, such as jack pine (Pinus banksiana), are 
projected to cope well with projected future climate change (Aubin et al., 2018; Marc- 
hand et al., 2021). However, such predictions are based on historical data, whereas 
all boreal regions are on a warming trajectory that goes beyond that of the observed 
or reconstructed climate space. In addition, species' vulnerabilities could depend on 
the future trajectory of disturbance regimes. The increased frequency and severity of 
climate anomalies, such as the 2004 drought in central boreal Canada that killed up 
to 80% of trees in some areas (Michaelian et al., 2011), wildfires (De Groot et al., 
2013b) and the expansion of native or exotic forest pests, as seen with the recent 
mountain pine beetle outbreak in western North America (Cullingham et al., 2011; 
Robertson et al., 2009), could cancel out any gains in growth within the boreal forest. 


31.2.6 Carbon Sequestration 


Carbon sequestration, i.e., the storage of atmospheric CO; in forested ecosystems 
(e.g., as tree biomass) at climate-relevant time scales (often referred to as a carbon 
sink), is one of the many services that forests offer to humanity. The terrestrial carbon 
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sink presents a prominent natural climate solution, contributing to climate change 
mitigation by absorbing part of anthropogenic CO» emissions (e.g., Cook-Patton 
et al., 2020). The circumboreal region includes more than 30% of the Earth's forested 
area and represents one of the largest carbon storage pools (Pan et al., 2013). However, 
the strength of the boreal forest as a C sink varies markedly among regions, and the 
C sink response to global change remains uncertain. Extrapolating ecophysiological 
understanding of tree growth (e.g., Hilty et al., 2021) to the landscape and regional 
scales remains challenging; hence, predicting the fate of the terrestrial carbon sink 
under global change remains uncertain (Hof et al., 2021). Tree growth provides a 
carbon sink, yet the resulting ecosystem-level carbon sink stems from numerous 
interacting processes, including growth (and forest productivity, e.g., Hilty et al., 
2021) and respiration (autotrophic and heterotrophic). Natural and anthropogenic 
disturbances, e.g., fires, insect outbreaks, could abruptly alter the ecosystem-level 
carbon balance, releasing part of the sequestered carbon back to the atmosphere 
(Ameray et al., 2021). Quantifying the carbon sequestration potential in the boreal 
region thus requires an accurate description of the residence times of the carbon stored 
in different pools (e.g., above vs. belowground; Friend et al., 2014; Pappas et al., 
2020). Disentangling the C balance pools could facilitate a robust and quantitative 
description of the C sink strength and its fate under global change (see Chap. 10). 


31.2.7 New Silvicultural Practices 


Over the last century, anthropogenic disturbances have had a stronger impact than 
climate change on boreal forest/stand compositional changes because of the exten- 
sive use of even-aged approaches and the application of clear-cutting as the main 
silvicultural treatment e.g., in northeastern Canadian forests (Danneyrolles et al., 
2019). The urgent need to diversify harvest treatments to reduce the homogeniza- 
tion of forest landscapes has become a priority. The difficulty stems from the past 
approaches to forest management, which failed to consider cumulative landscape- 
scale effects in forest planning and heavily favored the use of even-aged approaches 
and short rotation in boreal stands during the last half-century (see Chaps. 15, 16). 
The consequences of these decisions reduced the resilience of forest ecosystems 
facing climate change due to the homogenization and simplification of forest struc- 
ture and composition across the forest landscapes (Franklin et al., 1997; Puettmann, 
2011). This homogenization—promoting the dominance of even-aged stands—and 
simplification of forest structures affected many species that depend on deadwood, 
large-diameter trees, and complex horizontal and vertical structures of tree vegetation 
(Kuuluvainen, 2009). Climate change will alter tree growth and gradually replace 
existing tree species with more climatically suitable vegetation. Accordingly, these 
modifications will significantly impact post-disturbance recovery potential (Splaw- 
inski et al., 2019) and could affect post-harvest forest resilience and dynamics. Under 
climate change, the sustainability of forest management in North America is at risk, 
especially in regions currently characterized by a short fire cycle and low productivity 
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(Gauthier et al., 20152; Johnstone et al., 2016). Hence, new silvicultural tools and 
approaches will be required to maintain forest resilience and increase the adaptability 
of forest ecosystems to novel future conditions (Montoro Girona, 2017; Puettmann, 
2011; Spies et al., 2012; Stephens et al., 2013). For Fennoscandian boreal forests, 
continuous-cover forestry is increasingly promoted to mitigate the loss of biodiver- 
sity, ecosystem services, and multiple value chains and ensure a long-term sustained 
timber yield (Peura et al., 2018; Pukkala, 2016). This shift calls for alternatives 
to the dominating, intensive rotation forestry. Berglund and Kuuluvainen (2021) 
proposed a shared (each one-third) distribution between clear-cutting, partial cutting 
and gap cutting combined with selective thinning on the basis of natural disturbance 
dynamics. 

Partial harvests and variable retention forestry, in which only part of the stand 
is harvested, represent promising silvicultural approaches that can ensure a more 
diverse structure in managed forests by maintaining specific ecosystem attributes 
in the boreal biome, such as large living, dying, and dead trees, to favor greater 
biodiversity (Gustafsson et al., 2020; Kuuluvainen & Grenfell, 2012; Shorohova 
et al., 2019). Partial harvests and variable retention forestry include a broad range of 
treatments, which include commercial thinning (Gagné et al., 2012), selection cutting 
(Majcen, 1994), and shelterwood cuttings (Montoro Girona et al., 2017, 2018a, 2019; 
Prévost & DeBlois, 2014; Raymond & Bédard, 2017). Over the last decades, these 
treatments have been applied in North American and European boreal forests as an 
alternative to conventional clear-cutting to maintain structural attributes and ensure 
biodiversity and a continued timber supply (Hernández-Rodríguez et al., 2021; Kim 
et al., 2021; Moussaoui et al., 2020). However, these silvicultural treatments were 
initially developed in Europe, and there remains many questions in regard to their 
potential adaptability to North American boreal forests because of the few experi- 
ments and limited long-term monitoring of partial harvests in Canada and the United 
States (Bose et al., 2014; Montoro Girona et al., 2017). 

Over the last 20 years, studies in both Canadian and European boreal forests 
have attempted to understand the effects of partial cutting on biodiversity and stand 
yields and have reported several sustainable benefits (Bescond et al., 2011; Brais 
et al., 2004; Webb et al., 2008). Partial harvesting preserves more favorable habitat 
attributes for various organisms by maintaining some residual stand structures within 
cutblocks (Fenton et al., 2013; Kim et al., 2021; Kuuluvainen & Grenfell, 2012; 
Moussaoui et al., 2016; Ruel et al., 2013). Partial harvesting also promotes increased 
residual tree growth in boreal forests by light thinning (Montoro Girona et al., 2016, 
2017; Pothier et al., 2003; Thorpe et al., 2007). Despite these benefits, the main 
challenge in implementing partial harvesting in a context of climate change will be 
adapting this silvicultural treatment to the future conditions of North American boreal 
forests (species, stands, growth ratio) to develop its potential as a tool for ensuring 
carbon sequestration, biodiversity, and timber production while being implemented 
in an economic and financially cost-effective manner. Although additional research 
is required, these forest practices appear as means of providing an increased forest 
resistance and resilience to change and facilitating the boreal ecosystem's ability to 
adapt to future conditions, e.g., drought and insect outbreaks. 
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31.2.8 Including Freshwater Systems Within Forest 
Management 


Water-covered lands represent about 3096 of the world boreal forest area (Benoy 
et al., 2007). In North America, for example, of the 6.3 million km? of boreal forest, 
850,000 km? is covered by fresh surface waters, and about 1.27 million km? is 
covered by peatlands, which, when combined, is equal in size to the country of 
Indonesia (Gingras et al., 2018). Aquatic and forest environments of the boreal land- 
scape are highly connected because of a high number of contact zones that form a 
long and complex ecotone in which most aquatic-terrestrial interactions take place. 
Most organic matter and energy fluxes take their sources in forests and are trans- 
ported toward aquatic environments by precipitation, freshets, and wind. Once the 
forest-sourced organic carbon reaches the aquatic habitat, one fraction is processed 
by the aquatic food web (Grosbois et al., 2020)—either assimilated into biomass 
or respired—one fraction is stored in the sediments of lakes, rivers, or wetlands, 
and another fraction is transferred to the atmosphere (Cole et al., 2007). Feedback 
fluxes from aquatic to forest environments are lower in magnitude because they rely 
on a faunal transfer of biomass, e.g., aquatic predation by terrestrial consumers 
and insect emergence from lakes, rivers, and ponds. These fluxes are of higher 
nutritional quality, however, than the organic matter transported from the forest to 
aquatic habitats; the latter is in an advanced state of decomposition. Because of these 
aquatic-terrestrial links and their major implications for forest ecosystem functions, 
the ecosystem-based management of boreal forests must include freshwater environ- 
ments. Despite the aim of original ecosystem-based frameworks to manage the forest 
as a whole, these forest-aquatic system interactions have been largely neglected (see 
Chap. 29). 

Given this strong connectivity between the aquatic and forest environments in the 
boreal biome, all disturbances affecting the boreal forest also impact aquatic envi- 
ronments within the same watershed. For example, wildfires increase the export of 
nitrogen and phosphorus to lakes (Lamontagne et al., 2000). Although this quantity 
represents a negligible amount of nutrients for forest ecosystems, the export of these 
new wildfire-released nutrients is an important complementary input to freshwaters. 
Wildfires also influence lake metabolism (Marchand et al., 2009), phytoplankton 
(Planas et al., 2000), zooplankton (Patoine et al., 2000), and, most likely, the entire 
aquatic food web. Nonetheless, very little information is available in the literature. 
This lack of data stems from the logistical challenge of studying wildfires and the 
traditional separation in the study of land-based disturbances and aquatic habitats. 
Forestry activities represent an anthropogenic disturbance that, in addition to causing 
an increased export of nutrients to lakes, produces an additional input of dissolved 
organic carbon (DOC), which affects the physiochemistry of a water body. The 
removal of wood drastically diminishes the forest's capacity to retain precipitation 
and organic matter. The result is an enhanced release and transport into aquatic envi- 
ronments of terrestrial dissolved molecules and particles of inorganic and organic 
carbon. The new inputs of forest-derived dissolved organic molecules alter the water 
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color (browning), and the added particles also increase turbidity in the water column. 
Both changes affect light penetration in the water column and therefore influence 
primary productivity, e.g., algal abundance (Steedman, 2000). Higher DOC concen- 
trations can impact the entire food web and diminish fish growth (Benoit et al., 
2016). Also, forest harvesting increases the mobility of methylmercury and increases 
its assimilation into the aquatic biomass of plankton and fish (Garcia & Carignan, 
2000; Wu et al., 2018). The impact of other disturbances, such as insect outbreak or 
windthrow, on aquatic environments, has yet to be studied. Their influence on fresh- 
water physicochemical properties, freshwater metabolism, and food webs therefore 
remains unknown. It is thus essential for future research to investigate how freshwater 
systems and their associated food webs react to land disturbances and adjust forestry 
operations to ensure the sustainable management of the boreal forest, especially in 
the context of future climate change. 


31.2.9 Connectivity and Fragmentation 


Connectivity and fragmentation are natural components in the continuum of habitat 
types and their transition zones, which comprise ecosystem configurations at multiple 
spatial and temporal scales. Both connectivity and fragmentation vary and change 
in response to natural disturbances and dynamics as well as anthropogenic influ- 
ences. Intact forest landscapes and primary forests provide an ecological legacy that 
harbors intrinsic ecosystem resilience and adaptive capacity to withstand degradation 
(Lindner et al., 2010; Potapov et al., 2017; Sabatini et al., 2020; Venier et al., 2018) 
and avoid a sledgehammer effect where ecosystems risk entering new and potentially 
irreversible ecological states (Barnosky et al., 2012); this is particularly important 
in forests facing future climate change. With greater than 70% of the Earth's land 
surface (Barnosky et al., 2012) and more than 8046 of the remaining forests (Watson 
et al., 2018) modified by land use, however, the Anthropocene human footprint crit- 
ically influences key ecological functions (Tucker et al., 2018). In addition to relo- 
cating natural forest frontiers (Potapov et al., 2017) and decreasing remaining intact 
forest landscape area (Svensson et al., 2020), extensive land use has also generically 
affected landscape matrix functionality and the remaining protected areas (Heino 
et al., 2015; Jones et al., 2018). 

The consequences of anthropogenic-related forest fragmentation are increasingly 
debated (Ward et al., 2020). In many regions of the boreal biome, the natural configu- 
ration of forest landscapes has become seriously marked by systematic clear-cutting 
and monoculture-rotation forestry systems (Boucher et al., 2009; Peura et al., 2018) 
at rates beyond those of sustainability and biodiversity policies and environmental 
targets (Chazdon, 2018; Jonsson et al., 2019; Selva et al., 2020). The consequent 
forest landscape fragmentation has had consequences beyond the actual loss of 
primary forest area and the separation of a few larger areas into many smaller 
retained and set-aside patches. Edge effects penetrating the remaining patches also 
generate a proportionally larger loss of functional core areas (Harper et al., 2015; 
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Pfeifer et al., 2017). A study of boreal Sweden, for example, revealed that systematic 
forest clear-cutting since the middle of the twentieth century has left behind only 6% 
primary forest core area for this biome (Svensson et al., 2019). In addition, artificial 
forest edges are created; these edges do not harbor the natural ecological attributes 
associated with natural edges (Haddad et al., 2015), further affecting biodiversity 
and ecosystem resilience. Hence, the re-creation of both structural and functional 
connectivity in landscapes typified by extensive clear-cutting forestry is challenging 
(Chazdon, 2018; Ward et al., 2020). 


31.2.10 Collaborative Research and Indigenous Peoples 


The relationship with the land is a foundation of Indigenous peoples' identity, culture, 
and livelihood in boreal regions. Boreal landscapes are places of hunting, trapping, 
fishing, cultural and language learning, and healing. These practices provide access 
to a multitude of ecosystem services, both tangible and intangible, and contribute to 
the well-being of Indigenous people (Davidson-Hunt & Berkes, 2003; Saint-Arnaud 
et al., 2009). However, climate change and forest management drive major transfor- 
mations of boreal forests and affect Indigenous people's relationship with the land 
(Fuentes et al., 2020; Turner & Clifton, 2009). Although Indigenous institutions 
play an increasing role in forest governance (Wyatt et al., 2019), the consideration 
of Indigenous values and perspectives remains the exception rather than the rule. 

Collaborative research contributes to bridging the different perspectives on boreal 
landscapes and facilitates forest co-management through various means (Blackstock 
et al., 2007): 


e Collaborative research calls for the complementarity between Indigenous knowl- 
edge and science-based knowledge (e.g., Asselin, 2015; Suffice et al., 2017). Their 
combination extends the spatial and temporal scales of observations and provides 
a wider and comprehensive understanding of boreal environments (Bartlett et al., 
2012; Lyver et al., 2018). 

* The bridging of Indigenous and scientific knowledge is based on the premise 
that every knowledge is situated within a knowledge system and is partial, and 
that there is no hierarchy between knowledge systems (Ericksen & Woodley, 
2005). Following this principle, collaborative research legitimizes the knowledge 
creation process and the associated land management decisions. 

* Indigenous people are underrepresented in scientific research institutions, as 
are Indigenous concepts, methodologies, and ethics (Littlechild et al., 2021; 
McGregor, 2018). Collaborative research contributes to increasing the research 
capacity within Indigenous institutions and the Indigenous representation within 
scientific institutions. 


Collaborative research, however, faces challenges. First, Indigenous and science- 
based knowledge belong to different knowledge systems, with their ontologies, epis- 
temologies, and methodologies (Bartlett et al., 2012). Knowledge co-production 


31 Challenges for Sustainable Management 797 


requires sustained work at the boundary between knowledge systems to formulate 
research questions, make explicit the different perspectives of a phenomenon, and 
develop appropriate methodologies (Dam Lam et al., 2019; Robinson & Wallington, 
2012). Second, research partnerships need to overcome existing mistrusts. On the 
one hand, Indigenous people have experienced negative relationships with scientists 
in the past, and confidence often needs to be rebuilt and be based on stronger research 
ethics (Canadian Institutes of Health Research, Natural Sciences and Engineering 
Research Council of Canada and Social Sciences and Humanities Research Council, 
2018). On the other hand, scientists often seek to validate Indigenous knowledge 
with the same methods as for validating experimental ecological data (Gilchrist et al., 
2005). Such an exercise is problematic because a piece of knowledge is taken out 
of the knowledge system that defines its meaning, sense, and scope and is imported 
into a different knowledge system without the contextual information required to 
appreciate its value and validity (Castleden et al., 2017). Extended collaborative 
work is thus needed to co-produce better-informed, legitimate, and valid knowledge, 
following both knowledge systems. 


31.2.11 Resilient Forest Landscapes 


The long-standing forest management approaches targeting only highly produc- 
tive monocultures have homogenized and simplified forest ecosystems worldwide 
(Puettmann et al., 2009). Given that climate and global change entail multiple envi- 
ronmental and socioeconomic uncertainties, we urgently need novel forest manage- 
ment paradigms that (1) acknowledge this future uncertainty; (2) promote forest 
ecosystem resilience to altered disturbance regimes and climate change mainly 
through the functional diversification of tree communities; and (3) scale up the 
objectives and impacts of these novel silvicultural interventions from the stand to the 
landscape scale (Messier et al., 2019). The challenge lies in adopting a trait-based 
approach to rethink and redesign sustainable forest management plans (Cadotte et al., 
2011). New management paradigms should foster functional diversity and redun- 
dancy within tree communities to actively turn boreal forests into ecosystems that 
are more resistant to known and unknown disturbances and have a higher capacity 
for adapting to novel environmental conditions. 

Plant functional traits determine, on one level, the fitness of each individual 
via their effects on growth, reproduction, and survival and thus their influence 
on ecosystem functioning, including productivity, competition for resources, and 
nutrient balancing (Lavorel & Garnier, 2002). On another level, traits also determine 
the strategies and responses of the species to changing environmental conditions 
and determine how tree populations respond to different environmental factors and 
recover from disturbances (Lavorel & Garnier, 2002). When explicitly considering 
effect traits, the higher the functional diversity of an ecosystem, the higher its overall 
productivity (Tilman et al., 1997); but when accounting for response traits, func- 
tional diversity indicates the variety of forms possessed by a community to resist 


798 M. M. Girona et al. 


environmental changes, recover from disturbances, and adapt to novel environmental 
conditions (Elmqvist et al., 2003). Functional redundancy acts as insurance for the 
ecosystem because the loss of a redundant species, i.e., a species that performs 
similar roles within the ecosystem and responds similarly to environmental stres- 
sors and disturbances, will not compromise ecosystem functioning and resistance. 
Therefore, high-functional diversity and redundancy translate into a more resilient 
ecosystem (Mori et al., 2013). 

Specifying the management guidelines for a particular forest region requires not 
only quantifying the functional diversity and redundancy of current tree communities 
and the entire landscape (Aquilué et al., 2020) and determining other suitable species 
that could establish and grow in the region either naturally or through assisted migra- 
tion. Some community-level functional dissimilarity measures can be partitioned in a 
way to quantify species-level contributions to overall functional diversity (Pavoine & 
Ricotta, 2019). Another way to approach this task is to group species not using a 
taxonomic-based method but rather via a trait-based method by clustering species 
into functionally homogeneous groups (Fig. 31.5). Species of the same functional 
group share similar functioning at the individual level, similar responses to environ- 
mental variations, and similar effects on the ecosystem (Cornelissen et al., 2003). 
Once tree species are clustered into functional groups, it is possible to identify the 
surplus functions and functional groups, as well as those less represented, and later 
target species having a greater potential to maximize functional diversity at both the 
community and landscape scales (Aquilué et al., 2021). 


31.3 How to Face the Challenges Confronting the Boreal 
Biome? Looking Toward the Future: Implications 
for Ecosystem-Based Management 


The future holds many challenges and much uncertainty. In this section, we outline 
the main directions and perspectives required to confront these challenges and the 
implications for ecosystem-based forest management in the future boreal biome. 


31.3.1 Alteration of Natural Disturbance Regimes 


As climate change is expected to trigger important changes in future disturbance 
regimes, forest management will face notable economic and ecological challenges. 
Setting management objectives is becoming increasingly complex, as forests are 
expected to provide various ecosystem services other than timber, including carbon 
emissions mitigation, biodiversity, protection, and recreative roles (Ameray et al., 
2021; Thom & Seidl, 2016). With the increased risk of boreal forests losing large 
amounts of trees to natural disturbances, the main concern for the forestry sector is 
the possibility of significant timber shortfalls in the near future (Boulanger et al., 


31 Challenges for Sustainable Management 


Conifers, shade tolerant, 
drought and flood intolerant, 
wind dispersed 

e.g. Black spruce, Balsam fir, 
Hemlock, White pine 


Conifers, shade intolerant to 
mid-shade tolerant, drought 
tolerant, wind dispersed 

e.g. Jack pine, Red pine, Tamarack 


Deciduous, shade tolerant, 
drought and flood intolerant, 
wind dispersed 

e.g. Red maple, Sugar maple, 
White ash, Yellow birch 


Deciduous, shade intolerant, 
drought intolerant, wind 
dispersed 

e.g. Paper birch, Balsam poplar, 
Bigtooth aspen, Trembling aspen 


Deciduous, shade tolerant, 
mid-drought tolerant, flood 
intolerant, animal dispersed 
e.g. American beech, Black walnut, 
Black cherry 


Deciduous, mid-shade tolerant, 
drought tolerant, animal 


dispersed 
e.g. Red oak, white oak, Canadian 
hawthorn 
Tree #Functional Functional 
community # species groups diversity 
"t 
di 4 1 LOW 


5*6 . 


ARABE > … 
isita … 
Aat, o … 
ÉSEIRR. . … 


Functional 
redundancy 


HIGH 


LOW 


LOW 


MOD. 


HIGH 


LOW 


799 


800 M. M. Girona et al. 


<Fig. 31.5 Functional group classification of tree species commonly found in Canada’s Boreal 
Shield and Mixedwood Plains ecozones. The eight functional traits used to classify the species are 
drought tolerance, shade tolerance, waterlogging tolerance, main seed dispersal vector, seed mass, 
wood density, leaf mass area, and taxonomic division. Of these eight traits, drought, shade, and 
waterlogging tolerance reflect a species susceptibility to environmental conditions (Niinemets & 
Valladares, 2006), whereas the other five relate to the capacity and mechanisms of a species to 
respond to natural disturbances. The bottom diagram presents the number of species, the number 
of functional groups, the functional diversity, and the functional redundancy of six typical tree 
communities. Vertical lines between the tree illustrations separate the functional groups. a This 
community consists of four species of the same functional group; it therefore has a very low func- 
tional diversity, although the functional redundancy is very strong because if a species disappears, 
the main functional traits remain in the stand. b This three-species community is relatively function- 
ally poor, and the functional redundancy is very low because the loss of a species may compromise 
community functioning. c Functional diversity is moderate as up to three functional groups are 
present; however, as the loss of a species will certainly entail the loss of important traits, functional 
redundancy is very low. d This community is taxonomically and functionally richer than that of c 
and because half of the functional groups are represented by more than one species, redundancy is 
moderate. e In the most species-rich community, functional redundancy is very high because the 
three present functional groups are represented by more than one species. d This tree community 
is the most functionally diverse; however, six species are not sufficient to maintain all the diversity 
when a species is lost. Consequently, functional redundancy is very low 


2019; Daniel et al., 2017; De Grandpré et al., 2018). Although large uncertainties 
remain, evaluating future risks at meaningful spatial and temporal scales is a crucial 
first step (Daniel et al., 2017; De Grandpré et al., 2018). 

Ecosystem-based forest management aims to preserve natural forest attributes 
and processes by setting forestry strategies and targets on the basis of the variability 
of past disturbance regimes (Landres et al., 1999); for example, given the dominant 
role of wildfires in driving the dynamics of Canadian boreal forests, forest managers 
in Canada rely heavily on presettlement wildfire regimes to develop ecosystem- 
based management strategies (Thom & Seidl, 2016). In practice, this implies, for 
example, that the total annually burned or harvested area should not exceed that 
having burned under past fire regimes. Simultaneously integrating the risk of all- 
natural disturbances into ecosystem-based management strategies will be essential 
to ensure the applicability of this management approach under future conditions 
(Thom & Seidl, 2016). 

Several management actions can be undertaken to handle the risks associated with 
future natural disturbance regimes in boreal forests. In areas facing high fire risks, 
governments should invest in fuel management to reduce the potential of fire occur- 
rence and spread (De Groot et al., 2013b). Raising public awareness and producing 
prevention campaigns that explain the effects of forest fires can limit the occurrence 
of human-induced fires, likely to increase in frequency in drier conditions in the 
future. Other mitigation measures, such as favoring tree species that are less sensi- 
tive to insect outbreak, disease, drought, or fire, can be applied in these high-risk 
areas. Protecting foliage, reducing forest homogeneity, strategically removing fallen 
and weakened trees, thinning, debarking, and applying biological controls could all 
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help reduce the risk of insect outbreak and disease (Ivantsova et al., 2019; Sturte- 
vant et al., 2015). The rescheduling of harvests must also be considered to maximize 
timber production during a budworm outbreak (Sturtevant et al., 2015). Changes 
in the timing and intensity of management actions can also heighten the resistance 
of boreal forests to snow- and wind-related damage. Specifically, this resistance 
could be achieved by changing forest landscape-level structures, such as the distance 
to stand edges, decreasing stand height differences, or shortening harvest rotations 
(Díaz-Yáiez et al., 2019; Zeng et al., 2007; Zubizarreta-Gerendiain et al., 2017). 


31.3.2 Biodiversity Loss and Forest Attributes 


Ecosystem-based management could mediate between preserving ecological 
processes, economic goals, and social values. We may need to increase uneven-aged 
and continuous-cover forest management approaches to maintain desired levels of 
late-successional trees in forest landscapes. Moreover, uneven-aged managed stands 
tend to be less prone to windthrow than even-aged stands, and landscapes with larger 
old-forest patches are less vulnerable to fire (Leduc et al., 2015; Nevalainen, 2017; 
Pukkala, 2016). Measures to rehabilitate important forest structures and improve 
habitat quality for biodiversity conservation involve ecological restoration through 
simulating natural disturbances, e.g., prescribed burning and gap cutting (Hägglund 
et al., 2015; Hekkala et al., 2014; Hjältén et al., 2017; Versluijs et al., 2017), and 
the use of longer rotation cycles to ensure sufficient and adequate habitats for forest 
specialists (Roberge et al., 2018). 

From a biodiversity perspective, the top priority is to ensure a sufficient proportion 
of old-growth and uneven-aged forests in the landscape (Kuuluvainen & Gauthier, 
2018). To this end, an obvious measure would be to reduce harvesting levels (Daniel 
et al., 2017; Kuuluvainen & Gauthier, 2018). Management practices aiming to 
conserve post-disturbance legacy structures and old-forest attributes should also 
be promoted (Boulanger et al., 2019; De Grandpré et al., 2018; Kuuluvainen & 
Gauthier, 2018). At the stand scale, this can be achieved in part by promoting partial 
cutting over clear-cuts (Bose et al., 2014). In addition, salvage logging, i.e., the 
harvesting of disturbed forests, is a relatively common and increasingly used post- 
disturbance management strategy (Leverkus et al., 2018; Sturtevant et al., 2015). 
The use of salvage logging should, however, be carefully prescribed depending upon 
management objectives; for instance, as windthrow creates large amounts of dead- 
wood, salvage logging should be avoided when priority is given to habitats that 
favor biodiversity (Nappi et al., 2011; Thorn et al., 2020). Nonetheless, salvage 
logging could offer a preferable treatment in recreational areas, for example, where 
large numbers of trees have been weakened by insects or disease and threaten to 
produce tree fall-related accidents (Ivantsova et al., 2019). All these measures could 
potentially generate economic losses; these losses could be compensated, to some 
degree, by valuing timber quality rather than quantity. Finally, a better understanding 
of fire-carbon feedbacks and deadwood dynamics resulting from insect outbreaks, 
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disease, or weather-related disturbances would be necessary to better monitor carbon 
storage and release in boreal forests. This data would help develop improved, adapted 
management strategies that can limit carbon emissions. 


31.3.3 Ecosystem-Based Management of Boreal Old-Growth 
Forests 


Even-aged management based on short-rotation periods and clear-cutting has been, 
and will continue to be, the main cause of the loss of old-growth forest areas (Bergeron 
et al., 2017; Kuuluvainen & Gauthier, 2018; Martin et al., 2020c). The implemen- 
tation of ecosystem-based management in boreal landscapes therefore requires a 
profound change in forestry practices. A combination of continuous-cover forestry, 
salvage logging, and clear-cutting with longer rotation periods, associated with the 
proactive mitigation of severe natural disturbances, has the potential to attain a 
balance between sustainable wood provision and environmental objectives in the 
context of climate change (Bergeron et al., 2006; Kuuluvainen, 2009; Leduc et al., 
2015). Continuous-cover forestry can also be used to restore old-growth attributes 
in areas where these forests are currently absent, while limiting the anthropogenic 
impact on remnant old-growth forests (Eyvindson et al., 2021; Fenton et al., 2013; 
Montoro Girona et al., 2017). The remaining intact forests have an invaluable role as 
a natural reference from which to learn (Watson et al., 2018), and the conservation 
of the last large tracts of boreal old-growth forest must be a priority. In addition 
to the retention and continuous-cover forestry, natural disturbance—based manage- 
ment may provide a framework to increase the biodiversity, resiliency, and adaptive 
capacity of boreal forests (Kuuluvainen et al., 2021). Development of these manage- 
ment approaches based on scientific knowledge will heighten the flexibility to forest 
management, allowing it to maintain the structural diversity observed in old-growth 
forests and to better adapt to the new constraints caused by climate change (Fig. 31.4; 
Kuuluvainen et al., 2019). For example, in the event of conifer decline, it may be 
possible to carry out the assisted migration of shade-intolerant species following 
partial cutting. 

Successful ecosystem-based management and the application of appropriate 
conservation and restoration activities needed to sustain old-growth forests require 
a detailed ecological understanding of the occurrence and dynamics of these key 
ecosystems. For example, the accurate identification and mapping of boreal old- 
growth forests, including their structural diversity, are necessary steps to define 
relevant protected old-growth areas that are representative of the preindustrial land- 
scapes and to establish effective restoration targets. However, the efficacy of current 
survey methods, e.g., aerial photographic surveys, has been questioned (Martin et al., 
2020b). Therefore, it is necessary to develop new tools, e.g., using LiDAR or UAV, 
to better identify the diversity and dynamics of old-growth forests in boreal land- 
scapes. Furthermore, old-growth definitions can greatly vary between jurisdictions, 
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including within the same country (see Chap. 7). This barrier severely limits the 
effectiveness of any strategy for old-growth conservation, for instance by reducing 
the coherence of measures taken by different actors and their degree of complexity. 
In the future, it will be necessary to continue the scientific effort initiated during the 
last decades to broaden our knowledge of old-growth boreal forests, a key for their 
preservation and sustainable management. 


31.3.4 Tree Growth and Productivity 


Effective management strategies require large-scale studies to better estimate key 
drivers of forest demographics under global change; these drivers include warmer 
temperatures, potential frost damage, and more severe water deficits. In turn, these 
drivers should be integrated into the next generation of forest growth models to simu- 
late the interactive effects of climate change, insects, and disease on tree growth and 
mortality (Anderegg et al., 2015; Fatichi et al., 2019; McDowell et al., 2020). Until 
these data are available, risk reduction through portfolio diversification should drive 
management strategies for maintaining growth under global change. This strategy can 
include diversifying the composition of the boreal forest—a biome in which a few 
tree species dominate large tracts of landscapes—toward drought-adapted species 
and genotypes, thereby increasing the structural complexity of the forest (Messier 
et al., 2019). Another strategy is to increase the abundance of warm-adapted boreal 
broadleaf species, such as aspen and birch, to reduce fire risks while also increasing 
surface albedo (Astrup et al., 2018). 

Maintaining stand productivity can also be ensured through stand-level interven- 
tions. Across a range of forest types in the United States, thinning has been shown 
to significantly increase resistance to greater water deficits (Bottero et al., 2017; 
D' Amato et al., 2013; Grant et al., 2013). In the boreal region of Canada, thinned 
balsam fir stands experiencing drought have shown increased resistance relative to 
natural stands, although important interactions with tree position and size, where 
larger or suppressed trees displayed lower resistance to these climate anomalies 
(Fig. 31.6). Revisiting long-term silvicultural studies, improving forest models, and 
moving away from business-as-usual forest management could yield the critical 
solutions for increasing growth resilience in the boreal forest in the context of global 
change. 


31.3.5 Biotic Stressors 


New challenges arising from shifting environmental conditions, species invasions, 
and human impacts will likely modify trophic interactions (Filbee-Dexter et al., 
2017). Accounting for biotic stressors (in combination with abiotic ones) is essential 
when implementing an ecosystem-based forest management strategy, despite the 
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Fig. 31.6 Variation in the drought response of balsam fir tree growth (1999-2017) in terms of a tree 
canopy position (ratio of tree height to average stand height; positive values indicate dominant trees), 
b tree size (diameter at breast height), and c stand density. The model was fitted to the standardized 
annual growth of 247 balsam fir trees sampled across 22 stands within the Montmorency Forest 
(Québec, Canada) between 1999 and 2017. A value of 100% predicted growth corresponds to the 
standardized mean annual diameter growth 


risk of complicating the achievement of management targets (De Vriendt et al., 
2021). These various ecological drivers and processes operate at different and often 
specific scales. The linking of management actions relative to wildlife and forests 
at appropriate spatial and temporal scales, as illustrated by Beguin et al. (2016), 
is essential for achieving ecosystem-based management goals (Fig. 31.7). This will 
require transdisciplinary collaboration to develop a consensus regarding those factors 
driving ecosystem succession and the identified management challenges, objectives, 
targets, and indicators (Gunderson, 2015). Atthe same time, we must develop flexible 
and adaptable processes able to deal with ecological surprises (Filbee-Dexter et al., 
2017), alternative successional pathways (Hidding et al., 2013), and regime shifts 
(Folke et al., 2004; Gauthier et al., 2015b). 


31.3.6 Forest Plantations as Silvicultural Tools for Adapting 
to New Conditions 


Forest plantations, i.e., cultivated forest ecosystems established by planting, seeding, 
or both in the process of afforestation and reforestation, are often put forward in many 
parts of the world as a sustainable silvicultural tool for reconciling wood production 
and preserving the original natural forest (Paquette & Messier, 2010). Whereas forest 
plantations comprise less than 5% of forested lands, these areas provide 15% of the 
world's timber production (Carnus et al., 2006). Nonetheless, biodiversity-ecosystem 
functioning must be considered when implementing plantations to ensure diverse 
forests, rather than large-scale monocultures, to favor a greater resistance to insect 
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Fig. 31.7 Wildlife and forest management actions at multiple temporal and spatial scales. Modified 
from Beguin et al. (2016), CC BY 3.0 license 


pests and diseases (Carnus et al., 2006; Paquette & Messier, 2010). Including conser- 
vation and various objectives into tree plantation planning will be a major future chal- 
lenge for diversifying plantations. In addition to reducing pressure on natural forests, 
the use of forest plantations can restore some lost ecological forest services (Sedjo & 
Botkin, 1997), such as carbon sequestration (Ameray et al., 2021). Preventive plan- 
ning is needed to deal with both the beneficial and detrimental effects of climate 
change. Managing plantations in an ecologically sustainable manner and planning 
for predicted future climate conditions will promote the maintenance of biodiversity 
at all scales (stand, landscape) and for all components (genes, species, communi- 
ties). For example, by controlling invasive species, forest plantations can reduce 
non-natural competition and thus protect natural habitats, refuge networks, and tree 
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populations that are either isolated or at margins of their distributions (Paquette & 
Messier, 2010). Moreover, we can accommodate the new climatic conditions by 
reforesting with local or locally adapted seed sources suitable for future conditions 
(Puettmann, 2011). However, natural disturbances regimes must to be taken into 
consideration, because if the fire regimes are shorter in the future, plantations could 
have a low chance of reaching commercial maturity in areas where burn rate will be 
shorter than the harvest age. The main challenge of forest plantations is to maintain 
the desired levels of stands in an ecologically sustainable manner by anticipatory 
planning and scientific management. 


31.3.7 Silviculture in a Changing Context 


Climate change heightens the variability and uncertainty of future ecological, 
economic, and social contexts. Maintaining and restoring biodiversity and the struc- 
tural complexity of forests can promote forest resilience to human-induced pres- 
sures and impacts from climate change (Thompson et al., 2009). The structural and 
functional attributes of boreal forests are being altered quickly and significantly 
in response to a changing climate. FEM, however, promotes the diversification of 
silvicultural practices and the maintenance of forest stands of various structures. 
Given that these structures are in constant evolution in a changing context, FEM 
offers a means of prioritizing ecological processes that ensure the functioning of 
forest ecosystems. In this context, we must also consider factors other than timber 
production, including recreation, wildlife, and biodiversity conservation. The range 
of EBM-derived silvicultural practices can be a valuable tool for helping forests 
respond to a changing climate because these treatments generally aim to manage 
and sustain the growth, structure, and composition of forest vegetation for multiple 
objectives, including wildlife habitat, timber production, water resources, and recre- 
ation (Millar et al., 2007; Rist & Moen, 2013). There is thus a need to develop 
new silvicultural practices to increase forest resilience and promote the conservation 
of the ecosystem goods (wood and nonwood products) and services provided by 
forests, such as climate regulation, carbon sequestration, soil stabilization, nutrient 
cycling, and recreational values (Ameray et al., 2021; Hassan et al., 2005). To ensure 
that silviculture becomes a useful tool in rapidly changing realities, this discipline 
must build a new framework with a focus in three axes (Achim et al., 2021): (1) 
observational (monitor forest, detect changes, update data, integrate knowledge); (2) 
anticipative (integrate climate projections, predict future scenarios); and (3) adap- 
tive (flexible implementation, risk acceptance, consideration of social acceptance). 
This new framework could be helpful to adapt silviculture to respond to new trends, 
needs, and preoccupations at the ecological, social, and economic scales, including 
a holistic conception of forest ecosystems under climate change. 
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31.3.8 Accounting for Freshwaters in the Sustainable 
Management of Forests 


Forestry practices result in ecological consequences not only for the forest from 
which the trees are harvested but also for freshwaters within the harvested water- 
shed. Including freshwater systems into the sustainable management of boreal forests 
is therefore vital in future management decisions. Maintaining healthy boreal fresh- 
water systems benefits terrestrial food webs, which depend on the high nutritional 
quality feedback fluxes from the aquatic to land environments. Aquatic environments 
are key contributors to the ecological functioning of terrestrial food webs and are 
critical to many key boreal species; for example, moose and beaver feed largely on 
aquatic macrophytes (Bergman et al., 2018; Feldman et al., 2020; Fraser et al., 1984; 
Labrecque-Foy et al., 2020). Many terrestrial bird species also depend on the emer- 
gence of aquatic insects (Murakami & Nakano, 2002). Ensuring a healthy aquatic 
environment positively affects the health of terrestrial environments and, thus, of the 
entire boreal biome. 

Currently, riparian buffer strips represent the best means of protecting aquatic 
habitats from terrestrial human disturbances such as forest harvesting. These buffer 
strips are applied universally to all forest types and ecosystems; however, they do 
not respond to all specific protection needs. Riparian buffer strips must be adapted 
to the physical and biological landscape. For example, strip width and composition 
should be adapted to the slope, soil type, and forest stand to reduce windthrow and 
high tree mortality. It is now crucial to understand the impact of forest disturbances 
on aquatic environments, as changing land use and climate are expected to increase 
the terrestrial influence on freshwaters, e.g., browning. Determining the resiliency of 
aquatic habitats and food webs will be especially important to define the maximum 
supported human pressure on boreal forests. Accounting for freshwaters within the 
forestry plans will therefore be essential for attaining the sustainable management 
of the boreal forest and ensuring the health of the entire boreal biome. 


31.3.9 Green Infrastructure 


Green infrastructure is a strategically planned management of natural and anthropic 
lands that aims to secure biodiversity, habitat resilience, and ecosystem services at 
multiple spatial scales (EC, 2013; Liquete et al., 2015; Wang & Banzhaf, 2018). Thus, 
green infrastructure promotes landscape-scale and holistic planning approaches that 
are based on remaining biodiversity and ecosystem-service hot spots and their 
functional connectivity within a landscape matrix subjected to ongoing climate 
and land-use changes. In forest landscapes having a legacy of extractive forestry, 
applying green infrastructure implies that forest patches are restored, matrix quality 
is improved, and connectedness is strengthened (Dondina et al., 2017; Heller & 
Zavaleta, 2009). In addition to preserving existing intact forest landscapes and 
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primary forest as connectivity nodes, networks can be re-created within degraded 
or extensively transformed forest landscapes to secure functional habitats for species 
to move and spread. Forest edges, for example, are important transitional biotopes 
but also hold specific conservation values (Harper et al., 2015) and provide a func- 
tional green infrastructure in natural as well as need-to-be-restored anthropic forest 
landscapes in which clear-cut edges dominate (Esseen et al., 2016). Approaches 
are required that range from local species occurrence and microsites to habitats, 
landscapes, and entire regions to attain functional connectivity, i.e., a connectivity 
that supports the representative traits of species composition, habitat structures, and 
ecological processes (Heller & Zavaleta, 2009) and that goes beyond the protection 
of remaining biodiversity key habitats to forest landscape restoration and prestora- 
tion (Mansourian, 2018). Nonetheless, pan-national policies and policy implemen- 
tation instruments and routines are needed to ensure that fragmentation (as a conse- 
quence) and connectivity (as a necessity) are accounted for in boreal sustainable 
forest management and governance. 


Tree species composition 


Water quality Age structure (forest) 


Water temperature ecological boundary, Cultural places 


Wildlife diversity Goose landing areas 


Wildlife health Ground state 
Transportation Ice conditions 
Traffic N Mine tailings 
Technology Naturalness 
Spawning areas Predators 
Road network 
Landscape practices 
2 . Ab: Abundance 
-— Fishing w6 Goose hunting AC: Accesa 
7#% Ressourcement %n Trapping Qu: Quality 
Education * Moose hunting Ex: Experience 


Fig. 31.8 Boreal landscape sustainability according to Raworth's (2017) doughnut economics and 
land-use experts from the Abitibiwinni and Ouje-Bougoumou First Nations 
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31.3.10 A Sustainability Framework Emerging 
from Collaborative Research 


Anexample of collaborative research is the partnership (2015-2021) between univer- 
sity researchers and the Abitibiwinni (Anishnaabeg) and Ouje-Bougoumou (Cree) 
First Nations, all located in boreal Québec, Canada, that evaluated the effects of envi- 
ronmental change on Indigenous landscapes. The main results can be synthesized in a 
sustainability framework inspired by Kate Raworth's doughnut-shaped sustainability 
economics diagram (Raworth, 2017) (Fig. 31.8). The inner boundary of the doughnut 
represents the limits of human well-being (Nussbaum, 2011; Sen, 1980) andis defined 
as the capacity of the practices that are important for an Indigenous community, e.g., 
moose hunting, trapping, and education. The well-being boundary can be delineated 
with indicators of the resources abundance of, access to the land, quality of resources, 
andlived experience while on the land (Bélisle et al., 2021). The outer boundary repre- 
sents the ecological limits of boreal landscapes (O’ Neill et al., 2018; Rockstróm et al., 
20092). It is delineated by a set of influential factors identified by Indigenous land- 
use experts, e.g., forest road density, forest composition, and water quality (Bélisle & 
Asselin, 2021). In between these two zones, the sustainability zone represents the 
zone to be targeted and monitored for ecosystem management purposes. 


31.3.11 The Functional Network Approach 


From an ecosystem-based management perspective, forest resilience to global threats 
and uncertainty can be achieved through the functional diversification of tree commu- 
nities. This diversification requires, critically, the identification of both functionally 
redundant and functionally rare species to prevent their likely decrease in abun- 
dance and promote their regeneration either naturally or by planting (Aquilué et al., 
2021). Network theory can then be applied to target locations to optimize silvicultural 
interventions and attain greater levels of landscape resilience. 

In the functional network approach, a forest landscape is represented as a network 
of forest stands. Tree species dispersal capacity dictates whether forest stands are 
connected; thus, the relative dispersal capacity within and between adjacent stands 
influences the dispersion of the associated functional traits for each tree species. 
Three network/landscape-level properties contribute to forest ecosystem resilience: 
functional connectivity, modularity, and node-level centrality (Fig. 31.9; Aquilué 
et al., 2020; Gonzalés & Parrott, 2012). A higher functional connectivity between 
forest stands facilitates the exchange of functionally distinct species and genes better 
adapted to novel environmental conditions and ensures a rapid tree recolonization of 
disturbed stands by seeds coming from the surrounding intact stands; these condi- 
tions contribute to an efficient reorganization of the ecosystem. Modular systems are 
organized in clusters of highly interconnected nodes that are loosely connected to 
nodes of other clusters. Modularity acts as an effective defense against the spread of 
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pathogen outbreaks because modules buffer the spread of a perturbation and mini- 
mize the risk of ecosystem collapse (Gilarranz et al., 2017). Therefore, hypothetical 
modular forest landscapes will be functionally structured in clusters and less vulner- 
able to rapid, synchronized insect outbreaks. Finally, node centrality accounts for the 
different roles an element plays in the flow of energy, nutrients, organisms, and genes 
across the landscape (Bodin & Saura, 2010). Generally, central nodes concentrate 
most connections and/or bridge two subsets of nodes that would otherwise be discon- 
nected. In a forest landscape, central stands (regardless of size) act as both source 
and sink for a large proportion of species and functional traits within the landscape. 
Practitioners can evaluate current management plans and silvicultural practices 
at the landscape scale through the analyses of these five indicators—functional 
diversity, functional redundancy, functional connectivity, modularity, and centrality 
(Fig. 31.9). They can also assess novel, untested alternative management regimes, in 
particular where network analysis is combined with a modeling framework to eval- 
uate future projections and determine the compounding impacts of natural distur- 
bances, climate change, and silvicultural interventions on forest ecosystems (Hof 
et al., 2021; Mina et al., 2021). If tree planting is envisaged, it is advisable to consider 
species vulnerability to these natural disturbances that regularly or will likely impact 
a region in the near future (Mina et al., 2021). This extra challenge makes it even 
more important to merge environmental model predictions with expert knowledge. 
In short, foresters, climatologists, entomologists, modelers, economists, and other 
relevant experts must collaborate within a transdisciplinary framework to design 
ecosystem-based management plans that foster forest resilience to global change. 
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Fig. 31.9 Characterization of a fragmented forest landscape relying on two functional indica- 
tors (diversity, redundancy) and three properties of the spatial network (connectivity, centrality, 
modularity). The reference is a forested landscape in an agroforest mosaic in which forest stands 
are separated by agricultural fields, roads, and small villages. The enrichment strategy promotes 
natural regeneration of functionally rare species within the existing forest stands, and the plantations 
strategy aims to convert bare or agricultural land into woodlands using multispecies plantations to 
enhance the functional diversification of the landscape 
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31.3.12 Restoration Under Climate Change 


Restoration theory is generally based on the emulation of natural disturbances 
(Kuuluvainen, 2002). However, climate change will most likely impact disturbance 
regimes, such as by modifying the frequency and severity of forest fires, windthrow, 
floods, and insect infestations. Thus, future restoration efforts also must confront the 
challenge of climate change; we require a solid understanding of how global change 
may affect forest dynamics if we wish to safeguard ecosystem services and the biodi- 
versity hosted by forests (Aerts & Honnay, 2011; Harris et al., 2006). The question 
is whether we should adapt ecological restoration to fit this new natural disturbance 
regime. One obstacle in this respect is that climate change effects are likely to be 
abrupt and unpredictable, where sudden and significant changes are inevitable in 
the next 20 years (Harris et al., 2006). As climate changes, the patterns of natural 
disturbances are also shifting, increasing uncertainty in terms of how the dynamics 
of forest ecosystems will evolve in the future (Johnstone et al., 2016). Paleoeco- 
logical studies have demonstrated that the boreal forest has a substantial resilience 
to natural disturbances (Aakala et al., 2018; Carcaillet et al., 2001; Navarro et al., 
20182). However, alterations in disturbance regimes can also increase the vulnera- 
bility of forest ecosystems to degradation (Seidl et al., 2016). For example, a hurricane 
damaged 75 million m? of Swedish spruce forests in 2005, resulting in an economic 
loss of $2 billion US (Valinger & Fridman, 2011). Consequently, ecological restora- 
tion must also consider the effects of the altered natural disturbances on ecosystem 
services. Disturbances operate at several and nested spatiotemporal scales, causing 
the heterogeneity of stands (age structure) and landscape patches (Kuuluvainen & 
Gauthier, 2018). Thus, to effectively restore forest ecosystems subjected to climate 
change, we must understand the factors involved in determining when, how, and 
where fire, insect outbreaks, and windthrow regimes have altered and will alter forest 
dynamics to restore for future scenarios rather than previous reference states. 


31.3.13 Governance Policies 


Governance policies have been essential for the implementation of FEM and in 
attempts to minimize future impacts of climate change. Moving forward, inter- 
national and national legislative frameworks must better integrate climate change 
scenarios to enhance the protection of habitat types, species, and carbon sequestra- 
tion. Local communities are also vulnerable to climate change through, for example, 
impacts on livelihoods and forest-based activities. These must also be considered in 
land-use planning at different scales. To the best of our knowledge, some topics have 
yet to be addressed within any country, such as ecological restoration within climate 
change strategies or functional landscape planning strategies. Moreover, some direct 
or partial conflicts remain between climate change adaptation and mitigation strate- 
gies and forest biodiversity goals, e.g., keeping deadwood versus removing logging 
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residues. This is reflected in differences in policy direction among boreal coun- 
tries. For example, the European Union considers climate change adaptation, natural 
resource sustainability, and restoration as central priorities, thereby becoming foci of 
environmental policy. In Canada, general plans and actions around climate change 
adaptations are occurring at multiple scales, including specific actions in the area 
of forest management adaptation, however there is little evidence of coordination or 
an overarching framework. In the case of restoration policies in Canada, the main 
focus is on specific species, rather than on risks to ecosystems, i.e., static conser- 
vation goals (Harris et al., 2006; Parks Canada, 2008). In the Russian Federation, 
ecological restoration continues to be missing from governance and climate policies, 
and commitments vary from minimal efforts to no action and are not at all consistent 
with the Paris Agreement. Given this situation, we suggest creating an active strategy 
for boreal countries to coordinate their sustainable forest management actions and 
ecological restoration policies under the umbrella of climate change. 


31.4 Conclusions 


Ongoing intensive forestry practices have significantly altered boreal forest ecosys- 
tems and will continue to do so, illustrated in part by the increased landscape frag- 
mentation and homogenization of forest stands and a reduced species diversity. FEM 
is a promising approach for maintaining all ecosystem services, habitats, and func- 
tions provided by forests. However, in addition to intensive forestry, climate change 
is altering forest ecosystems around the world. Boreal forests face multiple chal- 
lenges for which unpredictability and uncertainty will be the new baseline conditions, 
further complicating sustainable forest management. Thus, existing paradigms and 
the implementation of FEM must be sufficiently flexible and adaptable given that we 
will experience novel, previously unknown or unobserved scenarios. Solutions for 
safeguarding ecosystem services and biodiversity require a solid understanding of 
how global change will affect forest dynamics and processes (structure and function) 
(Table 31.1). 
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Table 31.1 Challenges, directions, and solutions facing boreal forests 
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Challenges How to confront the challenges facing the boreal biome. References 

Emerging directions in forest management 
Natural * Evaluate future risks and integrate risk factors into FEM | Daniel et al. (2017), De 
disturbance planning Grandpré et al. (2018), 
regime * [ncrease fuel management efforts limiting human fire De Groot et al. 
change right (2013b), Dfaz-Yäñez 

* Raise public awareness and produce awareness et al. (2019), Hof et al. 
campaigns to limit the occurrence of human-induced fires | (2021), Ivantsova et al. 

* Favor tree species that are less sensitive to natural (2019), Montoro 
disturbances Girona et al. (2018b), 

* Protect foliage, reduce forest homogeneity, strategically | Navarro et al. (2018b, 
remove fallen and weakened trees, apply thinning, C), Sturtevant et al. 
debarking, and biological controls, as well as preventive | (2015), Zeng et al. 
silviculture (2007), 

e Consider the impact of natural disturbances on rotation | Zubizarreta-Gerendiain 
and final product and reschedule harvests after et al. (2017) 
disturbances 

* [mprove our understanding of disturbance interactions at 
multiple temporal and spatial scales 

Biodiversity |° Apply forest management approaches that favor Hägglund et al. (2015), 
loss increased uneven-aged and continuous-cover stands Hekkala et al. (2014), 

* Rehabilitate important forest structures and improve Hjältén et al. (2017), 
habitat quality, e.g., prescribed burning and gap cutting Versluijs et al. (2017), 

* Use longer rotation cycles to ensure sufficient and Bose et al. (2014), 
adequate habitats for forest specialists Daniel et al. (2017), 

* Reduce harvesting levels and carefully prescribe salvage | Kuuluvainen and 
logging Gauthier (2018), 

* Promote management practices aimed at conserving Montoro Girona et al. 
post-disturbance legacy structures and old-forest (2016), Roberge et al. 
attributes (2018) 

* Promote partial cutting over clear-cutting 

* Value timber quality rather than quantity 

Loss of * Limit human impacts and increase the conservation areas | Bergeron et al. (2006), 
old-growth of remaining old-growth forest Fenton et al. (2009, 
forest * Use continuous-cover forestry to restore old-growth 2013), Kuuluvainen 


attributes 

Harmonize old-growth forest definitions and 
conservation strategies between jurisdictions 

Accurately identify old-growth forests and their 
structural diversity in boreal landscapes to ensure the 
sustainability of management and conservation strategies 
Develop new tools, e.g., LiDAR or UAV, to better 
identify old-growth stand diversity and dynamics 
Increase ecological knowledge of boreal old-growth 
forests 


(2009), Kuuluvainen 
et al. (2021), Leduc 
et al. (2015), Martin 
et al. (2018, 20212), 
Montoro Girona et al. 
(2017) 
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Challenges 


How to confront the challenges facing the boreal biome. 
Emerging directions in forest management 


References 


Biotic stress 


* Account for biotic stresses in combination with abiotic 


Beguin et al. (2016), 


factors as ones De Vriendt et al. 
underlying * Link management actions related to wildlife and forests | (2021), Filbee-Dexter 
drivers of at appropriate spatial and temporal scales et al. (2017), Folke 
ecological e Implement transdisciplinary collaborations to develop a | et al. (2004), Gauthier 
change consensus regarding factors driving ecosystem et al. (2015b), 
succession and identify management challenges, Gunderson (2015), 
objectives, targets, and indicators Hidding et al. (2013) 
* Develop flexible and adaptable processes able to deal 
with ecological surprises, alternative successional 
pathways, regime shifts 
Reduced * Require large-scale studies to better estimate key drivers | Anderegg et al. (2015), 
boreal tree of forest demographics under warmer temperatures and | Astrup et al. (2018), 
growth integrate these into forest management Bottero et al. (2017), 
* Reduce risks through portfolio diversification D'Amato et al. (2013), 
* Diversify the composition of the boreal forest Grant et al. (2013), 
* Increase the abundance of warm-adapted boreal Messier et al. (2019), 
broadleaf taxa, such as aspen and birch, to reduce fire Pappas et al. (2020, 
risks while also increasing surface albedo 2022), D'Orangeville 
* Continuous and campaign-based observation networks of | et al. (2016, 2018), 
boreal forest function with high-precision monitoring Marchand et al. (2019, 
e Partitioned estimates of boreal forest carbon sources and | 2021) 
sinks 
* Undertake thinning operations to increase resistance to 
heightened water deficits 
New * Develop new silvicultural practices to increase forest Achim et al. (2021), 
silvicultural resilience to ensure the ecosystem goods and services Thiffault and Pinno 
practices * Implement FEM paradigms to promote the diversification | (2021), Gustafsson 


of silvicultural practices 

Consider factors other than timber production, including 
recreation, wildlife, and biodiversity conservation 
Adopt nature-based silvicultural solutions 

Develop the potential of partial harvesting and 
plantations for carbon sequestration 

Revisit long-term silvicultural studies and improve forest 
models 

Understand the interactions between natural and 
anthropic disturbances 

Create a new silvicultural framework based on the three 
foci: observe (monitor, detect change, update data), 
anticipate (to integrate climate projections and to predict 
future scenarios) and adapt (accept risk, social 
acceptance) 


et al. (2020), Kim et al. 
(2021), Berglund and 
Kuuluvainen (2021), 
Montoro Girona et al. 
(2018a, 2019), Paradis 
et al. (2019), O'Hara, 
(2016), Pukkala, 
(2016), D'Amato et al. 
(2011), Rist and Moen, 
(2013), Nagel et al. 
(2017), Senez-Gagnon 
et al. (2018) 
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Challenges 


How to confront the challenges facing the boreal biome. 
Emerging directions in forest management 


References 


Including * Adapt riparian buffer strips to the physical and biological | Carignan and 
freshwater landscape: buffer width and composition to the slope, soil | Steedman (2000), Glaz 
systems type, and forest stand to reduce windthrow et al. (2014, 2015), 
within forest | * Understand the impact of forest disturbances on aquatic | Klaus et al. (2018), 
management environments Kritzberg et al. (2020), 
* Determine the resilience of aquatic habitats and food Pinel-Alloul et al. 
webs to forest disturbances (2002), Ruel et al. 
* Account for freshwater ecosystems as a new paradigm (2001), Wang and 
within the forestry framework Banzhaf (2018) 
Connectivity |* Maintain existing intact forest landscapes and primary Mikusifiski et al. 
and forest as connectivity nodes (2021), Svensson et al. 
fragmentation | * Account for fragmentation as a consequence and (2019, 2020) 
connectivity as a necessity in sustainable forest 
management 
Collaborative | * Provide a framework to increase the biodiversity, Bélisle et al. (2021), 
research and resilience, and adaptive capacity in boreal forests Bélisle and Asselin 
Indigenous * Establish and maintain long-term collaborations between | (2021), Saint-Arnaud 
peoples scientific research and Indigenous institutions et al. (2009) 


Develop and monitor sustainability indicators in 
collaboration with Indigenous institutions 

Consider Indigenous values and perspectives in the 
definition of ecosystem management and sustainability 


Make forest 


Apply the functional network approach to improve 


Aquilué et al. (2021), 


landscapes adaptations to novel environmental conditions Messier et al. (2013), 
resilient: the | * Agree on a list of key functional traits and obtain trait Mina et al. (2021) 
functional values from the field or from freely available trait 

network databases 

approach * Adopt an existing functional group classification on the 


basis of relevant traits 

Consider species vulnerability to natural disturbances, 
e.g., wildfires, ice storms, drought, and browsing 

* Consider forests as complex systems 


Altered climatic conditions will affect the distribution of forest species and impact 


disturbances, modify tree growth, and favor the arrival of invasive species; these 
consequences with therefore have significant economic and ecological implications 
for human societies. It is thus critical to (1) establish long-term monitoring networks 
documenting forest functioning across different boreal forest landscapes and envi- 
ronmental conditions; (2) rapidly develop reliable indicators of climate change to 
identify shifts within forest ecosystems; (3) develop new decision-support tools that 
can predict future scenarios in forest ecosystems; (4) promote international collabo- 
ration and cooperation among boreal countries; and (5) build governance policies (at 
international, national, and regional levels) that provide a legislative framework to 
ensure the application of sustainable forest management in the context of the greatest 
challenge currently facing humanity: climate change. 
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